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Hair is a complex mini-organ that is important for the integrity of skin. While 
hair loss is usually not life threatening, it has a substantial psychosocial impact 
on the sufferers and can severely undermine the confidence of affected 
individuals and degrade their quality of life. As such, regenerating hair is of 
great clinical interest.  
 
Clinicians have resorted to transplanting hair follicles either from the patients’ 
own peripheral hair-bearing regions or from donor skin to bald regions. 
Because of the inability to generate hair follicles de novo, there is a shortage 
of human hair follicles for surgical transplantation. One potential solution is to 
use tissue engineering approaches to generate large quantities of human hair 
follicles in vitro to meet the clinical needs. From previously reported studies, 
hair follicle-like structures can be reconstituted by combining and 
transplanting mouse or rate epidermal and dermal papilla (DP) cells in 
non-hair bearing skin of animal models. However, hair follicle-like structures 
cannot be regenerated by using dissociated human cells, which may be due to 
the difficulties in re-establishing the cellular interactions during hair follicle 
development in vivo.  
 
In this thesis, we aim to design and explore a 3D microstructure resembling 
the architecture of the human hair follicles. Microwells with center islets were 
fabricated by using a patterned polydimethylsiloxane (PDMS) stamp on a 
glass substrate. Within the hydrogel microstructure, hair follicle inductive 
dermal cells can be immobilized to grow close to, but separated from 
epidermal cells. Poly (ethylene glycol) diacrylate (PEGDA) and hyaluronic 





PEGDA is a synthetic polymer, which has been commonly used in tissue 
engineering due to its high hydrophilicity, photocrosslinkability and low 
toxicity. Prior to encapsulating cells in PEGDA hydrogels, cytotoxicity of 
various factors contributing to the photocrosslinking process, including 
monomer solution, photoinitiator solution and ultraviolet (UV) intensity, were 
tested. PEGDA with higher molecular weight was shown to be less toxic to 
cells. Hydrogel stability was found to be inversely correlated with PEGDA 
concentrations, i.e., microstructures made of higher PEGDA concentrations 
were easier to detach from the underlying glass slide when immersed in PBS 
over time. It was also shown that epithelial and dermal cells were accurately 
compartmentalized within microstructures. Moreover, polymeric 
microstructures were shown to support the cell growth over 14 days. 
 
The natural polymer, hyaluronic acid (HA), was also studied as an alternative 
material of the microstructural hydrogel because of its biocompatible and 
biodegradable nature. HA was grafted with methacrylate groups to be 
photocrosslinkable. It was found that the hydrophilicity of methacrylated HA 
(MeHA) hydrogels decreased with increasing macromer concentration while 
the stiffness of MeHA hydrogels increased with increasing the macromer 
concentrations. These results are consistent with other reports. Also, the results 
of field emission scan electron microscopy (FE-SEM) study showed that high 
macromer concentration hydrogels possess smaller and more compact porous 
structure. Similar to PEGDA hydrogels, MeHA hydrogels were also shown to 
sustain cell survival and growth over time. However, gel swelling and weak 
stability hindered the use of MeHA hydrogels in long-term study. Thus, 
PEGDA was used as the material of microstructures for the study of cell-cell 
co-culture, cell proliferation and differentiation, and gene expression. 
 
Epithelial and dermal cells were co-cultured within PEGDA based 
 VIII 
 
microstructures. Confocal images showed that dermal cells were distributed 
homogeneously in the PEGDA hydrogel, while epithelial cells were 
concentrated inside the microwells. Over time, the epithelial cells formed 
cap-shaped aggregates enclosing center islets. The 3D microstructures were 
also shown to maintain cell proliferation and may help to organize cell 
differentiation. Furthermore, gene expression studies showed up-regulation of 
genes relevant to epithelial-mesenchymal interactions in the native hair follicle. 
Thus, the 3D hydrogel microstructure may serve as a suitable model for cell 
compartmentalization in studying hair follicle interactions in vitro, with the 
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Structure of hair follicle bulb. (Reproduced from 
Dr. Radivoj V. Krstić. Chapter H. In: Dr. Radivoj V. 
Krstić, editor. Illustrated Encyclopedia of Human 
Histology: Springer Berlin Heidelberg; 1984. p 184. 






Figure 2 Human hair cycle. A: During early anagen, the 
entire hair follicle still resides in the dermis, with 
HG cells proliferating to enclose the DP cells (a) 
and (b) 
74,75
. B-C: The DP descends from the dermis 
to the middle of the subcutaneous tissue, to finally 
the base of the subcutaneous tissue. D-F: The hair 
follicle enters catagen, where massive apoptosis 
occurs. Hair elongation ceases. This causes the hair 
follicle to shrink, and during apoptosis, the DP is 
being pulled upwards, and it ascends to just below 
the dermis. G: During telogen, the hair follicle 
enters the quiescent or resting phase, where the 
entire hair follicle resides in the dermis.  
 
13&14 
Figure 3 A: Schematic diagram for the formation of 
cell-laden microgels using stop-flow lithography. A 
prepolymer solution containing cells is flowed 
through a microchannel and polymerized by UV 
light through a photomask and a microscope 
objective. (Reproduced from Ref 100 with 
permission of The Royal Society of Chemistry) 
100
. 
B: A PDMS microfabricated tissue engineering 
scaffold with the vasculature directly embedded 
into the scaffold. (Reproduced from Biomedical 
Microdevices, Vol 4, 2002, pp 167-175, 
Microfabrication Technology for Vascularized 
Tissue Engineering, Jeffrey T. Borenstein, H. Terai, 
Kevin R. King, E.J. Weinberg, M.R. 
Kaazempur-Mofrad, J.P. Vacanti, Figure 6, with 
kind permission from Springer Science and 
Business Media) 
98




to five parallel lines of varying scanning speed 
(from top to bottom). (a) Phase contrast microscope 
image of cells printed onto glass. (b). Fluorescence 
microscope image of cells printed onto a 100 μm 
thick layer of Matrigel. (Reproduced from 
Biomaterials, Vol 31, Guillotin B, Souquet A, 
Catros S, Duocastella M, Pippenger B, Bellance S, 
Bareille R, Rémy M, Bordenave L, Amédée J, 
Guillemot F, Laser assisted bioprinting of 
engineered tissue with high cell density and 
microscale organization, pp 7250-7256, 2010, with 




Figure 4 Scheme of hair follicle engineering. Dermal cells 
are mixed in prepolymer solution and undergo 
photopolymerization to form cell-laden 
microstructural hydrogels, followed by seeding 
epithelial cells on the top of microwells. Hair 
follicles are formed by intensive 
epithelial-mesenchymal interactions and then 
implanted onto the back of nude mouse (not within 
the scope of present study). 
 
24 
Figure 5 Illustration of hair follicle-like scaffold. There are 
two types of cells which are necessary for hair 
follicle generation. Blue dots represent 
mesenchymal cells which can induce the 
proliferation of epithelial cells (red dots). The scale 
bar represents 100 μm. (Reproduced from David A. 
Whiting. Histology of the Human Hair Follicle. In: 
Ulrike Blume-Peytavi, Antonella Tosti, David A. 
Whiting, Ralph M. Trüeb, editor. Hair Growth and 
Disorders: Springer-Verlag Berlin Heidelberg; 
2008. p 107–123. With kind permission of Springer 





Figure 6 Schematic illustration for the whole process of the 
microwell fabrication: i) silicon master 
manufacturing, ii) PDMS stamp production and iii) 
hydrogel wells fabrication. 
 
34 
Figure 7 Different dimensions of PDMS stamps and 
corresponding hydrogel microwells. A: 




microwell diameters, 56, 93, 180, 388µm) stained 
by rhodamine B, where MD represents microwell 
diameter; MH represents microwell height; IH 
represents islet height. B: i-iv: images of microwells 
with various diameters fabricated by 10% (w/v) 
PEGDA. All scale bars represent 100 µm. 
 
Figure 8 Microwell stability. Arrays were incubated in PBS 
and their stability was analyzed by establishing two 
methods, A: overall stability of microwell arrays 
and B: stability of microwell arrays based on 
counting. Overall stability was determined based on 
whether each of the microwell arrays was intact 
(100%) or detached (0%) from the glass slide (n = 
9). Stability by counting was determined based on 
the number of the undamaged microwells over total 
number of microwells from each microwell array (n 
= 9). Hydrated prepolymer solutions containing 
10%, 20%, 50% and 80% (w/v) PEGDA were 
analyzed over time, and stability of microwell 
arrays decreased with increasing PEGDA 
concentration. In the figure, diamond patterns (♦) 
represent 10% (w/v) PEGDA; squares (□) represent 
20% (w/v) PEGDA; triangles (▲) represent 40% 
(w/v) PEGDA; crosses (×) represent 80% PEGDA. 
 
37 
Figure 9 Mechanical properties of PEGDA hydrogels with 
varying gel percentage and thickness. A: 
Representative nanoindentation curves from 10% 
(w/v) PEGDA microwell bottom, 10% (w/v) 
PEGDA hydrogel, 20% (w/v) PEGDA microwell 
bottom, and 20% (w/v) PEGDA hydrogel. B: 
Young’s modulus for 10% (w/v) PEGDA microwell 
bottom, 10% (w/v) PEGDA hydrogel, 20% (w/v) 
PEGDA microwell bottom, and 20% (w/v) PEGDA 
hydrogel. Young’s modulus of 20% (w/v) PEGDA 
was significantly higher than that of 10% (w/v) 
PEGDA (***p < 0.001) while there were no 
significant differences between Young’s modulus of 
microwell bottoms and surfaces for both 
concentrations of PEGDA.  
 
39 
Figure 10 Investigating HDF viability in PEGDA solution of 




HDF viabilities increased with MWs of PEGDA. 
HDF had highest viability in PEGDA MW 3500 
solution over 2 hours. * and *** indicate p < 0.05 
and p < 0.001 as compared to the viability of 
corresponding control group (n=3). B: LIVE/DEAD 
assay images at 2 hour for PEGDA of three 
different MWs. Living cells were stained green and 
dead cells were stained red. All scale bars represent 
200μm. 
 
Figure 11 Investigating HDF viability in cell suspension (2 
million cells/mL) after exposure to UV of different 
intensities. HDF viability was fairly consistent 
across different UV intensities (n=3). 
 
42 
Figure 12 Investigating HDF viability in cell suspension (2 
million cells/mL) after different length of exposure 
time to photoinitiator. HDF viability is fairly 
consistent across 2 hour period (n=3). 
 
43 
Figure 13 Investigating HDF viability in cell suspension after 
UV exposure in the presence of photoinitiator. 
There was a significant decrease in cell viability 
after 2 hours. * indicates p < 0.05 as compared to 
the viability of the control group (n=3).  
 
44 
Figure 14 A: Viability of HDF cells encapsulated in PEGDA 
hydrogels photopolymerized at various conditions. 
B: UV intensities and their corresponding minimum 
UV exposure time for hydrogel formation. 
 
45 
Figure 15 Encapsulating HDF cells (2 × 10
6 
cells/mL) within 
microwell arrays. A-i: Cell viability (HDF) of the 
control group before UV exposure. A-ii: Phase and 
fluorescent superimposed image after applying a 
Live/Dead assay to HDF cells which shows 
relatively uniform cell distribution in the hydrogel. 
A-iii: 3D cell-laden microstructures. A-iv: HDF 
cells stained with Ethd (red) and calcein-AM 
(green) in the 3D microstructure. B: Cell viability in 
various MW PEGDA hydrogels. Cell viability of 
PEGDA hydrogels after microwell fabrication 
increased with increasing MW. PEGDA 575, 




hydrated polymers containing 10% PEGDA in PBS. 
* and *** indicate p < 0.05 and p < 0.001 as 
compared to the viability of corresponding control 
group (n=3). All scale bars represent 100 µm. 
 
Figure 16 Seeding HaCaT cells on the top of microwell 
arrays. A-i: Cell viability (HaCaT) of the control 
group before cell seeding. A-ii: Phase and 
fluorescent superimposed image after applying a 
Live/Dead assay to HaCaT cells demonstrates 
HaCaT cells were located in microwells. B: Cell 
viability before and after cell seeding showed no 
significant difference. Initial cell concentrations 
ranged from 1-12 million cells per mL (n=3). 
 
47 
Figure 17 Various densities of HaCaT cells seeded on the top 
of microwell arrays. A-E: Representative images of 
HaCaT cells stained with calcein-AM fluorescent 
dye in the microwells with different cell seeding 
densities. F: The average number of cells per well 
increased with increasing initial cell concentration 
(n=3). Scale bars represent 200 µm. 
 
49 
Figure 18 HaCaT cells growing in microwell arrays over 8 
days. Live/Dead assay was performed to indicate 
cell viability. A: Image of HaCaT cells on the top 
just after cell seeding. B-C: Cell aggregates formed 
on day 1 and day 3. D: Cell aggregates growing 




Figure 19 A: Representative image of microstructure (200 
μm). B1-B2: SEM images of hydrogels. B1: center 
islet surface. B2: microwell bottom surface. C: 
Upon cell seeding, HaCaT cells were spherical in 




Figure 20 HDF cell encapsulation in PEGDA (MW 3500) 
hydrogel over 2 weeks. A: (i-iv) Phase contrast 
images of HDF cells in microgels. After 72 h, cell 
spreading was seen in the hydrogel and the 
morphology of cells continued to change over 2 




of day 3, day 7 and day 14 were from the same 
location of the hydrogel. B: Quantification of cell 
viability by Live/Dead assay over 2 weeks. Cell 
viability decreased consecutively on first 7 days, 
and then cell viability remained stable from day 7 
onwards around 48%. All scale bars represent 100 
µm. 
 
Figure 21 A: Chemical synthesis of MeHA by reacting HA 
and methacrylic anhydride. B: 
1
H-NMR spectrum 
of 75-kDa HA. C: 
1




Figure 22 SEM images of 2.5%, 5%, 7.5% and 10% (w/v) 
MeHA hydrogels (250 × magnification). 
 
65 
Figure 23 A: Contact angle of water measured on different 
concentration MeHA hydrogels. Increasing trend 
was observed with higher MeHA concentrations 
(n=3); B: Effect of concentration of MeHA on 
contact angle of water. As concentration of MeHA 




Figure 24 Log-log plot of shear moduli (G’, G’’) vs. strain (n 




Figure 25 Images of HaCaT cells seeded in microwells taken 
at the same location at different time points. A: 
HaCaT cells growing in microwells (outer diameter 
= 200 μm, inner diameter = 66 μm) over 14 days. 
Green fluorescence represents live cells and red 
represents dead cells. All scale bars represent 100 
μm. B: Cell viability of HaCaT seeded on 
microwells (n = 3). Cell viability fell gradually over 
14 days, and remained high at 72.3 % at day 14. 
 
69 
Figure 26 A: Representative images of HDF cells 
encapsulated in MeHA hydrogels (5.0% w/v) over 
7-day incubation. B: HDF cell viability over 7-day 
incubation in 2.5% and 5.0% (w/v) MeHA 
hydrogels. Viability generally decreases over time. 





Figure 27 A: Morphology of HaCaT and HDF cells in 2D 
culture, respectively, as reference. B: Co-culturing 
HDF and HaCaT cells in the microwells and 2D 
culture dishes over time, respectively. On the day 0, 
individual HaCaT cells were uniformly dispersed in 
the microwells. Cell aggregates formed on day 3 
and became bigger on the day 7 and day 14. On the 
day 21, all centre inlets of microwells were covered 
by cell aggregates. Live and dead assay on the day 
21 showed that cell aggregates and most of HDF 
cells were stained in green (live) and only a few of 
cells in red (dead). For the control group, HDF and 
HaCaT cells were dispersed in the culture dishes on 
the day 0. Two types of cells attached and spread on 
the day 3 and day 7. On the day 14 and 21, the 
number of cells increased rapidly and it is difficult 
to separate HDF or HaCaT cells from each other. 
All scale bars represent 100 μm. 
 
82&83 
Figure 28 Co-culturing HDF and HaCaT cells for 14 days. 
HDF cells were encapsulated in the thick hydrogel 
and HaCaT cells seeded on the top. Live/Dead 
assay was applied on the cell-incorporated hydrogel 
on day 14. All scale bars represent 100 μm. 
 
84 
Figure 29 Confocal images of cell distribution and cell 
development in the microstructural hydrogels on 
day 1, day 3, day 7 and day 14. 
 
85 
Figure 30 3D confocal images on day 7 and day 14 and the 
corresponding disassembled 2D images of 
representative cell-incorporated microstructures. All 
scale bars represent 100 μm. 
 
86 
Figure 31 Cell proliferation in A: 2D culture, B: non-patterned 
hydrogels and C: 3D microstructures on day 3, day 
7 and day 14. Similar to positive controls (2D 
culture), most of HDF and HaCaT cells in and on 
the microwells were positive in Ki-67 stain. For the 
non-pattern hydrogels, HaCaT cells seeded on top 
formed cell aggregates on day 3. Over time, HaCaT 
cells behaved like in the culture dish and they 




cells. All scale bars represent 100 μm. 
 
Figure 32 Hair cortex keratin-specific AE-13 immunostaining 
in the 2D culture, non-patterned hydrogels and 3D 
microstructures on day 3, day 7 and day 14. AE-13 
was expressed in fluorescent green color and cell 
nuclei were counterstained with DAPI. Cell clumps 
formed at day 14 in 2D culture and at day3, day 7 
on the non-pattern hydrogels were positively 
expressed AE-13 (indicated by arrows). HaCaT 
cells in the microwells were positive in AE-13 
staining. Views with higher magnification are also 
shown for day 3, day 7, and day 14 3D culture, 
showing the signals from representative microwells. 
All scale bars represent 100 μm. 
 
89 
Figure 33 Quantitative real-time PCR results showing 
differences of gene expression (Wnt10a, Wnt10b, 
Shh, KGF and BDNF) between 2D culture and 3D 
microwell system. *, ** and *** indicate p < 0.05, 
p < 0.01 and p < 0.001 as compared to mRNA 
concentration of corresponding control group (n=3). 
 
91 
Figure 34 Real-time PCR results showing Wnt10a, Wnt10b, 
Shh, KGF and BDNF gene expression in 2D culture 
and 3D microwell system supplied with high Ca
2+ 
DMEM culture medium. *, ** and *** indicate p < 
0.05, p < 0.01 and p < 0.001 as compared to mRNA 
concentration of corresponding control group (n=3). 
92 
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°C degree Celsius 
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Chapter 1 Background 
1.1. Introduction 
 
Hair is one of the most important aspects of an individual’s appearance. 
Physiologically, hair shaft serves as a protective device for maintaining body 
heat and against the sunshine 
1
. Besides, hair plays an essential role in 
psychosocial communication. It works as a symbol of youth, health, 
self-confidence and personal attractiveness, while hair loss often has adverse 
impact on one’s self-esteem and interpersonal relationships 1. Hair loss, termed 
as alopecia in medical science, has been a widespread problem around the 
world. There are several types of alopecia, including androgenetic alopecia, 
alopecia areata, scarring alopecia, telogen effluvium and etc 2. Alopecia may 
occur as a natural part of aging, due to a disease or due to drugs and 
medications 
3
. In particular, androgenetic alopecia (AGA) is the most common 
cause of hair loss in humans. According to a global report, AGA affects 
approximately 50% of men and 20% to 53% of women by age 50 years 
4
. 
Currently, treatments of AGA include using anti hair loss drugs and/or surgical 
implantation. Minoxidil and finasteride are two drugs for AGA 
5
. However, 
some side effects appear during the treatment and hair fall resumes upon 
withdrawal of the drugs. On the other hand, using surgical procedure is 
effective in hair regeneration by which grafts containing hair follicles were 
transplanted onto the bald scalp of patients. Nevertheless, there are no other 
alternatives of harvesting hair follicles other than from human donors 
6
. 
Therefore, it is important to explore a new method to generate hair follicles in 
large quantity to meet the clinic needs. Recently, scientists attempt to 
emphasize on the understanding of hair follicle morphogenesis, to investigate 
the mechanism of hair follicle initiation and development, and to form hair 
follicles from dissociated cells. This chapter will provide a brief account of 
hair follicle morphogenesis, research progress of hair follicle generation and 
the importance of cell compartmentalization in hair follicle bioengineering. 
 2 
 
1.1.1. Hair follicle morphogenesis 
 
Hair follicle formation is dependent on reciprocal, sequential, 
epithelial-mesenchymal interactions (EMIs). The communication between 
epithelial and mesenchymal cells relies on a series of signals sent between 
each other which fuel the development of hair follicle. Early in the 1980s, it 
was believed that the “first signal” secreting from the dermis induces 
thickening of the epidermis, known as hair placodes. The “second signal” 
from the placodes causes the formation of dermal condensates. Then, these 
condensates send the “final signal” back to the epithelial cells to stimulate 
proliferation and downgrowth of epithelial cells. These inductive signals 





Wnt has been suggested to be the first signal in the dermis 
8-11
. The small 
molecule β-catenin is usually rapidly degraded by a complex of proteins in the 
cytoplasm. In the presence of a Wnt signal, degradation of β-catenin is 
inhibited and cytoplasmic β-catenin translocates to the nucleus where it 
associates with the LEF1/TCF DNA-binding proteins to form a 
transcriptionally active complex and activate transcription of target genes 
12,13
. 
In response to the first dermal signal, ectodermal Wnt signaling molecules are 
expressed to instruct the epidermal cells to grow downwards and form a 
placode 
14
. In the mouse embryo, Wnt10b is initially expressed uniformly in 
the single layered epithelium and is markedly up-regulated in placodes 
15
. It 
has been also found that the mouse ectodysplasin-A receptor (Edar) mRNA is 
originally expressed ubiquitously in the epithelium and is restricted to 
placodes after placode formation, indicating that Eda/Edar signaling may play 
an essential role in initiating the formation of placodes 
16
. Fibroblast growth 
factors (FGFs) and bone morphogenic protein (BMP)-inhibitory factors are 





. On the contrary, members of BMP family appear to act as 
inhibitors of follicle formation 
18,19
. In the presence of excess BMPs, or the 
absence of either the BMP-inhibitor noggin or the FGF receptor FGFR2-IIIb, 




Once the placode has formed, signals from the placode cause the clustering of 
a group of underlying mesenchymal cells. Wnt signaling is possibly required 
for induction of the dermal condensate since the dermal condensate fails to 
form in the absence of epithelial β-catenin 22. It has been reported that 
platelet-derived growth factor (PDGF)-A is also required for follicular EMIs 
23
. 
PDGF-A is expressed in the placode, while its receptor is expressed in the 
dermal condensate. In the absence of PDGF-A, mice have small dermal 
papillae, dermal sheath abnormalities and thin hair, compared with wild-type 
groups 
23
. Sonic hedgehog (Shh) is another secreted protein in the follicular 
placode which lies downstream of Wnt signaling in follicular morphogenesis. 
Shh signals are required for regulating proliferation and further downgrowth 
of the follicular epithelium and development of the dermal condensate into a 
dermal papilla 
23,24
. Besides, Wnt family members, Wnt5a, expressed in the 
dermis as a target of Shh signaling in hair follicles and Wnt10a, up-regulated 
in the placode during downgrowth, are both likely required for the formation 
of dermal condensates, but the exact mechanisms are not clear 
15
. In addition, 
it has been suggested that Wnt signaling and BMP signaling are likely 




1.1.2. Hair follicle generation from dissociated cells 
 
As discussed earlier, it has been well known that hair follicles formation 
requires intensive EMIs, organogenesis from dissociated epithelial and 
mesenchymal cells has been considered as an approach for generating human 
hair follicles. Therefore, studies of new follicle formation have been 
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developed by incorporating these two inductive cells into animal models. In 
1993, Lichti et al. developed a nude mouse graft system in which the defined 
number of dermal and epithelial cells from newborn mice was mixed and 
loaded in a chamber and then the chamber was inserted into the dorsal skin of 
a nude mouse 
25
. The grafted chamber was removed after 1 week and many 
hair follicles in anagen phase formed in 2 weeks. This method has proven to 
be important in many subsequent studies. In 2005, Zheng et al. reported an 
improved assay using fewer cells than the graft system and the progress of hair 
follicle formation was found to be shorter 
26
. Instead of using a chamber, they 
injected a mixture of epithelial and mesenchymal cells from neonatal mice 
into the skin of a nude mouse. New hair follicles were matured within 6-8 
days. They also tested various numbers of dermal and epidermal cells and also 
the effect of dermal and epidermal cell ratio on the formation of new hair 
follicle. As a result, they found a comparable number of hair follicles formed 
with 1 million dermal cells in a dermal to epidermal ratio of 2:1 compared to 8 
million dermal cells used in Lichti’s study. However, most hair follicles were 
unable to protrude through the skin, but lay parallel to the skin surface. In 
2007, Ehama et al. also used the chamber system to generate hair follicles by 
implanting xenografts of murine and rat cell components into the skin of nude 
mouse 
27
. These studies strongly indicate that hair follicles could be well 
reconstituted in vivo using homospecific mouse cells and even heterospecific 
mouse–rat combinations. 
 
However, it was found that homospecific human cells could not grow into 
normal hair follicles while human hair follicle–like structures could be 
obtained by co-grafting human foreskin-derived epidermal cells with rodent 
DP-enriched cells 
27
. These hair follicle-like structures expressed hair follicle 
markers, but they only had limited terminal differentiation features. The 
failure to form better differentiated and organized follicles is believed to be 




. Some molecular signals may be able to crosstalk with conserved receptors 
while others may not. Hence, it may lead to an imbalanced morphogenesis. In 
addition, from the model of xenografts of human and murine cells, it was 
discovered that DP, which acts as an organizing center for the hair follicle and 
produces signals that induce and maintain hair growth, is more critical than 
epidermal cells for follicle formation. Moreover, it has been observed that 
cultured rat DP cells are able to self-aggregate to form a papilla 
condensate-like clump after subdermal injection while cultured human DP 
cells cannot, suggesting that human DP cells may lose their hair inductivity 
during culture or the aggregation of DP cells may be functionally required for 
their hair inductivity 
27,29,30
. Recently, it was reported that growing human DP 
cells in 3D cultures of hanging droplets could restore their hair inductive 
ability 
31
. In this hanging drop method, gravity works with liquid surface 
tension to promote cell aggregation. The droplet of DP cell aggregate was 
placed between separated foreskin dermis and epidermis, which was 
recombined and grafted onto the back of severe combined immunodeficiency 
(SCID) mice. 22% of DP cell aggregates were able to instruct human hair 
follicle neogenesis. However, several problems exist with this approach. While 
the initial number of cells in each drop can be fixed, it is not possible to 
control the shape and size of each aggregate, particularly after harvesting the 
cell aggregates from the drops. This may negatively impact the hair-inducing 
ability of the aggregates. In addition, the hanging droplet method cannot easily 




1.1.3. Optimizing positional relationship and cell compartmentalization to 
enhance EMIs 
 
From previous in vivo hair follicle reconstitution assays, it was observed that 
co-grafted dissociated epithelial and dermal cells spontaneously re-position 
themselves to replicate their anatomical relationship in vivo, thus suggesting 
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that the positional relationship between epithelial and mesenchymal cells in 
hair follicles is optimal for follicular morphogenesis and may greatly influence 
the intensity of EMIs 
26
. Therefore, the idea that artificially assembling cell 
composites mimicking hair follicle bulb structure instead of using dissociated 
cell mixture has been proposed to enhance EMIs. Generation of human 3D 
organotypic culture systems that enable physical interactions between hair 
follicle keratinocytes and mesenchymal components via extracellular matrices 
have been attempted by several groups. 
 
Havlickova et al. prepared two phases of immiscible liquids in which human 
folliculoid microspheres, consisting of keratinocytes and DP cells within 
collagen I-Matrigel matrix, were generated in order to reproduce their 
anatomical relationship in hair follicle 
28
. Yen et al. took advantage of the 
differential adherence of keratinocytes and DP cells to poly(ethylene-co-vinyl 
alcohol) surface and established a protocol to form hybrid cell spheroids 
which have a preferential compartmented core-shell structure: an aggregated 
DP cell core surrounded by a keratinocyte shell 
34
. Hair follicle keratinocyte 
and DP marker expression were confirmed in regenerated structures. 
Toyoshima et al. developed a 3D organ-germ culture method 
35,36
. To 
reconstitute a bioengineered hair germ with the correct cell 
compartmentalization, mesenchymal and epithelial cells were injected in turn 
at high cell density into adjacent regions within a collagen gel drop and 
mesenchymal cells located beneath epithelial cells 
36
. Regeneration of hair 
follicle germ was confirmed. Most recently, Lim et al. developed a technique 
to assemble different cell types in close proximity in 3D fibrous hydrogel 
scaffolds 
37
. The hydrogel scaffold was fabricated using two oppositely 
charged polyelectrolyte solutions. Hydrogels with both DP and keratinocytes 
have higher gene expressions as compared to hydrogels with DP only, 
indicating that assembly of cell composites mimicking hair follicle bulb 
structure may enhance EMIs.  
 7 
 
These findings supported that the optimization of positional relationship and 
cells compartmentalization is advantageous to provoke EMIs for hair follicle 
bioengineering. Nevertheless, murine cells were used in most of methods 
which are not suitable for human hair transplantation due to the immune 
rejection. In addition, all the methods mentioned above need a large workload 
and may not be applied clinically since thousands of new hair follicles should 
be regenerated in an alopecic patient. Furthermore, cell compartmentalization 
did not exactly follow that in vivo. Therefore, a strategy for mass generation of 
hair follicle-like organ germs from epithelial and mesenchymal cells with an 
artificially hair bulb-like scaffold may be required for the study of EMIs in 
vitro and hair regeneration therapy. 
 
1.2. Literature Review 
 
1.2.1. Human hair biology, pathophysiology and treatment 
 
1.2.1.1. Hair size, shape and pigment 
 
Hair follicles develop relatively early between the 8th and 12th weeks of 
gestation, when hair numbers are specified and fixed throughout life. The size 
and shape of the follicle determine the size and shape of the hair fiber 
38
. Large 
hair follicles produce ‘terminal’ hairs such as those on the scalp. Curved 
follicles produce curly hair fibers 
39
. Small follicles produce short, fine, 
light-colored hairs that are characteristic of body hair.  
 
The hair follicle bulb consists of several concentric layers (Fig. 1). Starting 
from the innermost region, matrix cells (MC) surround hair papilla (HP), 
divide mitotically and form medulla (M) of hair shaft, cortex (C) of hair shaft, 
cuticle (Cu) of hair shaft. Inner root sheath (IRS) is composed of cuticle (Ct) 
of internal root sheath, Huxley's layer (Hx) and Henle's layer (H). The outer 
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root sheath (ORS) of the hair follicle encloses the inner root sheath. Among 
MC are scattered melanocytes (Me), which are primarily responsible for hair 
color by transferring their melanin granules to cells of hair matrix and cortex. 
Glassy membrane (GM) separates Henle’s layer from connective tissue sheath 
(CTS). HP is a richly vascularized conical loose connective tissue with 






Figure 1. Structure of hair follicle bulb. (Reproduced from Dr. Radivoj V. 
Krstić. Chapter H. In: Dr. Radivoj V. Krstić, editor. Illustrated Encyclopedia of 
Human Histology: Springer Berlin Heidelberg; 1984. p 184. With kind 




It is thought that the cross-sectional and longitudinal shape of the hair fiber is 
controlled by IRS, because it hardens before the presumptive hair fiber does 
41
. 
Trichohyalin is expressed in the Huxleys layer and it mechanically strengthens 
IRS to control the thickness and straightness of the hair fiber 
42,43
. The 
ectodysplasin-A receptor, Edar, which is a member of the tumor necrosis 
factor (Tnf) receptor superfamily may be also related to the diversity of hair 
shape and it is expressed during hair follicle development 
44
. It has proven that 
Eda/Edar signaling is essential for morphogenesis of the primary hair follicle 
45
. An Edar allele, 370A found in most East Asians but not common 
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in African or European populations, is thought to be responsible for the thicker 
hair of East Asians 
46
. Contrast to straight hair, African hair is curly, spiral and 
crimpy 
47
. It is suggested that the asymmetric cell proliferation and 
differentiation within the bulb result in the curved hair follicle that is typical of 
African hair 
48
. Many proteins are expressed in an asymmetric pattern in the 
follicle bulb of a curly hair 
49,50
. Keratin K38/HHa8 is expressed early on the 
concave side of the follicle, which is thought to provide a curvature ‘force’ on 
the follicle 
49
. The increased expression of insulin-like growth factor binding 
protein 5 (IGFBP5) on the convex side of the follicle is also considered to 
impart asymmetric growth 
51
. In addition, it is found that α-smooth muscle 
actin (α-SMA), usually used as a marker of myofibroblast formation, is 
expressed in some ORS cells on the concave side 
39
. It is postulated that 
α-SMA expression could be related to contractile processes that may control 
curly hair follicle morphology. 
 
In the world, over 90% human population has deep brown-black hair and the 
other 5%–10% people who mostly originate in northern Europe have 
different hair colors, ranging from white blonde, yellow blonde, auburn to red 
and all shades in between 
52
. As we know, eumelanin and pheomelanin are two 
types of melanin and they regulate the pigmentation of hair follicles. 
Eumelanin has two subtypes, black eumelanin and brown eumelanin, and it 
determines the darkness of the hair color. Pheomelanin, which results from the 




The genetics of hair pigmentation are not completely understood. Nevertheless, 
it is believed that at least two gene pairs control human hair color 
54
. One gene, 
which is a brown/blonde pair, has a dominant brown allele and a recessive 
blonde allele. An allele is an alternative form of a gene for a character 
producing different effects. Different alleles could result in different 
observable phenotypic traits, such as different pigmentation 
55
. People with 
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brown hair carry the brown allele, while people with blonde hair do not. The 
other gene, which is a not-red/red pair, has a dominant not-red allele and a 
recessive red allele. This not-red/red gene pair suppresses production of 
pheomelanin. Since both gene pairs govern hair color, people carrying two 
copies of red-haired allele may have either auburn hair or bright reddish 
orange hair depending on whether they carry a brown allele or not 
56
. The 
recessive genes for both brown/blonde and red hair are found nearly 
exclusively in white people 
56
. There is also a black gene, usually related to 
darker skinned humans.  
 
Recently, it is reported that the diversity of human hair color could be 
explained by the degree of variability (i.e., polymorphism) in the 
melanocortin-1 receptor (MC1R) gene 
57
. Natural selection may have 
restrained mutation of this gene in the hot, humid and sunny tropics, thus 
people there have dark hair and skin. However, when human migrate from 
Africa to less sunny, less humid, colder northern climes, gene mutation occurs, 
resulting in the emergence of functionally relevant mutations in the MC1R 
gene.  
 
In the adult hair follicle, follicular Me lie in the matrix zone and their activity 
is hair cycle dependent (details of human hair cycle will be discussed in 
Chapter 1.2.1.2). During the anagen phase, activated Me transfer the melanin 
granules to the surrounding keratinocytes and thereby direct the pigmentation 
of the hair fiber 
58
. Melanin formation is switched-off in catagen remaining 
absent through telogen 
59
. Hair color exhibits age-related changes. The cyclic 
development of the follicular melanin unit works optimally in scalp follicles 
during the first 10 hair cycles, namely until approximately 40 years of age 
60
. 
Afterward there is increased Me apoptosis that may be associated with hair 
graying 
61
. In aged grey and white hair, the Me number in the hair matrix is 
reduced while remaining Me display signs of degeneration, and the hair fiber 
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only contains melanin debris 
58
. It was also reported that the antioxidant 
systems within the hair follicle Me become impaired with age, likely resulting 




1.2.1.2 Human hair cycle 
 
The human hair cycle consists of 3 main phases – anagen (growth phase), 
catagen (involutional/regression phase) and telogen (resting phase). The 
anagen phase of human scalp typically lasts for 2-6 years, making it a major 
determinant of one’s maximum hair length. Catagen usually lasts for 2-3 
weeks, while telogen lasts 3 months. So in total, the life-span of a human hair 




1.2.1.2.1. Anagen phase 
 
Anagen can be further subdivided into early anagen (anagen I-II), mid anagen 
(anagen III-IV) and late anagen (anagen V-VI) 
1
 (Fig. 2A-C). At anagen onset 
a strand of keratinocytes starts to develop between the dermal papilla (DP) and 
the old hair shaft, which eventually differentiates into a new strand of hair. 
However, hair color is not present due to absence of melanin granules at this 
stage. Overtime, the diameter of keratinocyte strand increases. At the same 
time, the DP becomes larger, and the DP is enclosed by the rapidly 
proliferating hair germ (HG) cells to form an onion-like structure (Fig. 2(a) 
and 2(b)). HG is a small cell cluster located between bulge stem cells and 
dermal papilla 
64,65
. HG cells are derived from bulge stem cells but become 
responsive quicker to DP-promoting signals 
65,66
. HG has been considered as a 
population of progenitor cells morphologically and biologically distinct from 




Mid anagen marks the start of melanogenesis, leading to the development of a 
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fully pigmented hair shaft 
67
. The DP descends further, from the dermis to the 
middle of the subcutaneous tissue, to finally the base of the subcutaneous 
tissue. The hair bulb size also increases and reaches its maximum. At this 
stage, differentiation of keratinocytes leads to IRS formation and developing 
melanin granules are detected within the IRS. This is followed by the 
formation of a new hair shaft, elongating over time but entirely surrounded by 
the IRS. Mid anagen ends when the IRS and hair shaft reach the hair canal, 
gradually displacing the old hair shaft (if present). The hair follicle enters late 
anagen when the tip of the hair shaft breaks through the IRS and emerges 
through the hair canal to the skin surface. This allows for continuous 
elongation of the hair shaft until it enters catagen. 
 
Signaling pathways active during hair follicle morphogenesis also drive the 
initiation of anagen phase and the subsequent proliferation and differentiation 
of the follicular cells 
9
. As in morphogenesis, WNTs are important in 
conveying inductive signals between the follicular epithelium and 
mesenchyme 
22
. At anagen onset Wnt10b mRNA localizes to epithelial cells 
adjacent to the dermal papilla 
15
. Besides, Shh is necessary for anagen phase 
and it may regulate proliferation and further downgrowth of epithelial cells to 
enclose DP 
68
. In addition, insulin-like growth factor 1(IGF1) produced by DP 
and its receptor found predominantly in the overlying epithelial cells play an 
important role in hair follicle cycling 
69
. Mice that lack IGF 1 or its receptor 
have poorly developed hair follicles 
70
. Molecules which are not required for 
morphogenesis may be also involved in hair growth cycles, such as FGF5. 
FGF5 expressed in the follicle at the end of late anagen may control the 
cessation of the anagen stage 
69
. Mice that lack FGF5 have an extended anagen 
phase 
71
. Other molecules that may also co-regulate the anagen-catagen 
transition include the growth factors epidermal growth factor (EGF) and 









Figure 2. Human hair cycle. A: During early anagen, the entire hair follicle 
still resides in the dermis, with HG cells proliferating to enclose the DP cells 
(a) and (b) 
74,75
. B-C: The DP descends from the dermis to the middle of the 
subcutaneous tissue, to finally the base of the subcutaneous tissue. D-F: The 
hair follicle enters catagen, where massive apoptosis occurs. Hair elongation 
ceases. This causes the hair follicle to shrink, and during apoptosis, the DP is 
being pulled upwards, and it ascends to just below the dermis. G: During 
telogen, the hair follicle enters the quiescent or resting phase, where the entire 
hair follicle resides in the dermis.  
 
1.2.1.2.2. Catagen phase 
 
Catagen is the regression phase, where apoptosis occurs. The presence of 
apoptotic keratinocytes within the hair follicle marks the transition from 
anagen to catagen 
76
. Massive apoptosis at the lower follicular epithelium 
commences, shrinking the hair follicle and terminating pigment production, 
after which it remains quiescent throughout telogen (Fig. 2D-F). The overall 
length of the hair follicle shortens and the dermal papilla moves upward 
during catagen, but the DP is still located within the subcutaneous tissue.  
 
Hairless gene encodes for a transcription factor whose function has been 
linked to hair growth 
69,77
. Mutations in this gene may prevent the dermal 
papilla from ascending and interacting with the stem cells of the bulge, leading 




1.2.1.2.3. Telogen phase 
 
Telogen is commonly known as the resting phase of the hair cycle. The entire 
hair follicle resides in the dermis layer, and the hair follicle length is at its 
shortest (Fig. 2G). The DP is compacted into a ball shape, with deposits of HG 
cells forming a cap on top 
66,76
. Although telogen was previously known as the 
resting phase, it was discovered recently that the HG cells deposited above the 
DP is actively proliferating. Muller et al. demonstrated that HG cells were 
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actively initiating new growth, while the bulge cells remained in the quiescent 
state and did not show activity until the follicle enters anagen 
76
. At the end of 
telogen, the old hair shaft falls and a new hair cycle starts.  
 
1.2.2. Androgenetic alopecia 
 
Hair growth disorders are mainly resulted from changes in the hair cycle 
1
. 
The most frequent growth disorder in men and women is androgenetic 
alopecia (AGA) which is commonly known as male pattern baldness. AGA is 
hereditary thinning of the hair induced by androgens in genetically susceptible 
men and women 
5
. AGA in males causes a patterned form of hair loss at a 
highly predictable location while AGA in females is more diffuse and less 
patterned than in males 
78,79
. AGA is characterized by a shortening of the 
anagen phase and a prolongation of telogen, combined with miniaturization of 
hair follicles 
1






AGA is related to hormones called androgens, particularly dihydrotestosterone 
(DHT) which is converted from testosterone by 5α-reductase. There are two 
isoforms of 5α-reductase, type 1 and type 2, which, together with other 
enzymes, regulate steroid transformations in the skin 
5
. In susceptible hair 
follicles of the scalp, DHT binds to androgen receptors of the hair follicle, 
which activates the genes responsible for the gradual transformation of large, 
terminal follicles to miniaturized follicles 
81,82
. With successive hair cycles, the 
anagen phase shortens and hair follicles produce shorter, finer hairs 
83
. 
Therefore, hair growth on frontal scalp area in which 5α-reductase type II and 
androgen receptors are active is easily disturbed by AGA, while hair growth 





. Moreover, from histological study, hair follicles can be observed in 
the scalp skin affected by AGA, but follicles are very small and superficial, 








To date, the United States Food and Drug Administration (FDA) has approved 
only two anti hair-loss products which are finasteride and minoxidil 
85
. 
Finasteride is marketed by Merck under the trademark names Proscar® and 
Propecia®, among other generic names. Finasteride, as a competitive inhibitor 
of 5α-reductase, can help hair regrowth. By blocking 5α-reductase, it prevents 
the conversion of testosterone into DHT, decreases the level of DHT, and then 
reduces androgenetic activity in the scalp 
86
. Only available by prescription, it 
was developed to treat mild to moderate male pattern hair loss on the vertex 
(top of head) and anterior mid-scalp area (middle front of head) in men only. 
However, the side effects include erectile dysfunction and depression.  In 
addition, finasteride is effective only for as long as it is taken and it is not 




 (minoxidil) was introduced in 1988 as the first drug approved for 
treatment of baldness by the FDA. Minoxidil is the only product available 
without a prescription that has been approved by the FDA as a proven 
treatment against hair loss. Minoxidil is no longer under patent so it is also 
marketed as a number of topical treatments made by several different 
companies.  It stimulates hair growth in individuals with male and female 
pattern baldness; however, the mechanism of action is unknown 
87
.  Nevertheless, minoxidil, as a vasodilator, is speculated that it allows more 
oxygen, blood, and nutrients to the follicle by widening blood vessels and 
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opening potassium channels. This may shorten telogen phase, accelerate 
follicles shedding, followed by hair regrowth in a new anagen phase. 
Furthermore, it is known that side effects of minoxidil include skin irritation, 
itching, redness, as well as unwanted hair growth in areas adjacent to 
treatment sites. Once treatment is stopped, all therapeutic results will be lost 
within 3 to 6 months. 
 
1.2.2.2.2. Hair follicle transplantation 
 
In clinic, surgical transplantation of hair follicle is widely used for the 
treatment of AGA. Surgeons usually dissect hair follicular units from the 
peripheral scalp region and then dissected follicular units are implanted into a 
bald region. Typically, a 3- to 4-month interval is needed between implantation 
and the regrowth of the transplanted hairs. Approximately 90% of the full hair 
follicle implants can grow and produce a shaft after a surgical process 
4
. The 
grafted hair will remain the same texture, color, growth rate and the same 
period of anagen with the hair of the donor site 
88
. Currently, there is a 
shortage of human hair follicles for surgical transplantation to patients with 
AGA 
6
. So far no methods are available to obtain human hair follicles except 
from human donors. One of the recent minor refinements is the technique of 
follicular unit extraction (FUE) in which follicular units are harvested 
individually by using 1-mm punches, without a donor site incision 
89
. This 
technique has expanded into the transplanting of body hair into the scalp and 
larger graft numbers so that the few surgeons who specialize in FUE are able 
to perform as many as 1500 grafts in a single procedure. Surgical hair 
transplantation is deemed as the only permanent technique that can move hair 
from the back of the head to the balding area. From the pathophysiology of 
androgenetic alopecia, it has been known androgens suppress hair growth at 
the scalp vertex by binding to androgen receptors. For hair follicles from the 
bald regions, their dermal papilla cells contain higher levels 
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of androgen receptors than those from non-balding scalp 
84
. As a result, hair 
follicles on the scalp periphery are androgen insensitive hence resistant to the 
hair loss. During the hair transplantation surgery, donor hair follicles are 
harvested from the non-balding region in the back and sides of the scalp 
90,91
. 
Once transplanted, the hair may continue to grow for a person’s lifetime. 
However, the molecular biology on the transplanted hairs remains largely 
unexplored. 
 
1.2.2.2.3. New products in clinical trials 
 
In recent years, to explore more effective methods for addressing hair loss 
problem, several startup companies have been created, such as Aderans, 
Follica, and RepliCel. Follica believes that hair follicle stem cells beneath a 
bald scalp are quiescent, and their approach toward treating AGA is to 
physically disrupt the skin from the bald scalp and to apply drugs to stimulate 
these quiescent stem cells for hair follicle neogenesis. On the other hand, 
Aderans and Replicel propose cell-based follicle regeneration technology in 
which healthy hair follicles are removed from patients and specific cells are 
extracted from the follicles followed by cell replication in vitro. Then, 
replicated cells are injected back into the bald regions. Aderans and Replicel 
are now in phase 2 trials. These companies are competing to test their hair 
products in humans and ultimately get into the market. However, the number 
and density of new hair follicles generated from these approaches are not 
disclosed. 
 
1.2.3. 3D microstructure fabrication in tissue engineering 
 
Tissue engineering aims to regenerate biological tissues and organs by using 
cells within an artificially-created supporting scaffold 
92,93
. The scaffold can 
provide spatial control of cells which may strengthen cellular communications. 
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Hydrogels composed of cross-linked polymer networks are commonly used as 
three dimensional (3D) scaffolds in tissue engineering due to their high water 
content and porous morphology which are crucial for fast diffusion of 
nutrients 
94
. Fully swollen hydrogels have low interfacial tension with 
biological fluids and little irritation to the surrounding tissues after 
implantation 
95
. Moreover, size, shape and mechanical properties of hydrogels 




Nowadays, there are many techniques available for 3D microstructural 
hydrogel fabrication (Fig. 3). Soft lithography is one of them, which uses 
elastomeric stamps fabricated from patterned silicon wafers to print or mold 
materials 
97
. Soft lithography has been used to engineer the desired 
microvasculature into the tissue engineering scaffolds (Fig. 3B) 
98
. These 
scaffolds were then seeded with endothelial cells in hydrogel channels with 
dimensions as small as the capillaries. The cultured endothelial cells 
successfully attached, proliferated and migrated in the closed channels in 4 
weeks. Other methods including flow lithography and 3D bioprinting are also 
involved in fabricating tissue engineering scaffolds 
99
. Flow lithography is a 
photolithography-based microfluidic technique that permits the 
high-throughput generation of polymeric particles with varied shapes and 
multiple chemistries 
96
. Recently, flow lithography was used to fabricate large 
numbers of cell-laden microgel particles which may work as 3D tissue 
constructs for tissue engineering (Fig. 3A) 
100
. In addition, bioprinting is a 
novel approach which utilizes printing devices to produce specific high 
resolution 2D as well as 3D patterns, incorporating different types of cells in 
tissue engineering (Fig. 3C) 
101
. It was reported that a laser-assisted 
bioprinting technique was applied to arrange cell-hydrogel mixture in 3D skin 
constructs and a multi-layered, fully cellularized skin substitute was 
engineered for wound healing 
102
. In general, these techniques are highly 
advantageous in the fabrication of microstructural hydrogels. Those fabricated 
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hydrogels can serve as candidates of scaffolds in tissue engineering since they 
are biocompatible to the cells and are able to be created with consistent pattern 




Figure 3. A: Schematic diagram for the formation of cell-laden microgels 
using stop-flow lithography. A prepolymer solution containing cells is flowed 
through a microchannel and polymerized by UV light through a photomask 
and a microscope objective. (Reproduced from Ref 100 with permission of 
The Royal Society of Chemistry) 
100
. B: A PDMS microfabricated tissue 
engineering scaffold with the vasculature directly embedded into the scaffold. 
(Reproduced from Biomedical Microdevices, Vol 4, 2002, pp 167-175, 
Microfabrication Technology for Vascularized Tissue Engineering, Jeffrey T. 
Borenstein, H. Terai, Kevin R. King, E.J. Weinberg, M.R. 
Kaazempur-Mofrad, J.P. Vacanti, Figure 6, with kind permission from 
Springer Science and Business Media) 
98
. C: Cells were printed according to 
five parallel lines of varying scanning speed (from top to bottom). (a) Phase 
contrast microscope image of cells printed onto glass. (b). Fluorescence 
microscope image of cells printed onto a 100 μm thick layer of Matrigel. 
(Reproduced from Biomaterials, Vol 31, Guillotin B, Souquet A, Catros 
S, Duocastella M, Pippenger B, Bellance S, Bareille R, Rémy M, Bordenave 
L, Amédée J, Guillemot F, Laser assisted bioprinting of engineered tissue with 
high cell density and microscale organization, pp 7250-7256, 2010, with 




Increasing development of microfabrication technologies makes it possible for 
the incorporation of epithelial and mesenchymal cells into a 3D delicate 
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microscaffold for hair follicle bioengineering in vitro. Moreover, size and 
shape of microscaffolds are easily alterable which enable to generate human 
hair follicles in large quantity to meet the clinical needs. 
 
1.3. Objectives and scope 
 
In light of the above introduction and literature review, it is worthwhile to 
point out that there is a shortage of hair follicles available for hair 
transplantation, although surgical transplantation is effective in the clinical 
treatment of AGA. Consequently, several studies have been developed to 
produce hair follicles using dissociated cells. It was found that hair 
follicle–like structures were obtained only using homospecific animal cells or 
heterospecific human-rodent cell combinations, which may induce immune 
rejection in clinical studies. No human hair was generated with natural 
appearance and functions and it might be due to the lack of communication 
between epithelial and mesenchymal cells in the existing animal models. 
Recently, the study of hair induction in human DP provides more clues for hair 
follicle neogenesis. It was reported that human DP may lose its hair inductive 
capacity in two-dimensional (2D) culture while three-dimensional (3D) culture 
could partially restore the inductivity of DP. Therefore, it is worthwhile to 
explore a new approach which can not only improve cell-cell interactions, but 
utilize homospecific human cells to engineer human hair follicles in 3D 
culture as well. 
 
The overall objective of this study was to develop a hair-follicle like hydrogel 
microstructure and immobilize keratinocytes and mesenchymal cells in 
different compartments of the microstructure, mimicking their spatial 
distribution in vivo for hair follicle engineering in vitro. The specific aims are 
summarized as below: 
1. To fabricate an array of 3D microstructured molds with synthetic and 
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natural polymers that mimic the hair follicle micro architecture; 
2. To evaluate biocompatibility of the microstructure and understand 
interactions between cells and microenvironment; 
3. To seed keratinocytes and dermal fibroblast cells onto the micromold at 
designed locations and culture the 3D scaffold in vitro; 
4. To study cell distribution, cell proliferation and differentiation, gene 
expressions within the microscaffold. 
 
Findings of this study may extend the understanding of EMIs in vitro. The 
fabrication of 3D scaffolds may present a novel way for overcoming 
limitations of current studies in cell compartmentalization. Moreover, 
microstructural culturing system could provide a platform to generate human 
hair follicles in large quantity to meet the clinical needs. 
 
In this study, we used human dermal fibroblast (HDF) and human adult low 
calcium high temperature (HaCaT) cells instead of DP cells and primary 
keratinocytes which are involved in the EMIs of human hair follicle. The DP is 
a group of specialized HDF cells, derived from the embryonic mesoderm 
103
. 
However, compared with HDF, DP cells exhibit a shorter in vitro survival time 
and they may lose their hair inductivity during culture 
27
. Besides, it was 
reported that HDF cells may also exert DP-like activity in terms of hair 
inductivity 
27,104
. Versican is an active DP marker during hair follicle 
development and hair cycle 
105
. Versican green fluorescent proteins are not 
only expressed in the dermal papilla, but extensively expressed in the upper 
dermis region where dermal fibroblasts contact epidermal keratinocytes 
27,104
. 
Primary keratinocytes have a limited lifespan in culture and they proliferate 
slowly 
106
. The immortalized HaCaT cell line was described to exhibit a 
differentiation profile similar to normal human keratinocytes despite multiple 
chromosomal alterations 
107-109
. Several studies used HaCaT cells in skin 
substitute engineering indicated that HaCaT cells have a limited ability to 
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produce an ordered structure and regular keratinization, as compared to 
primary keratinocytes 
110,111
. Addition of some growth factors (like TGF-α) 
may improve epidermal tissue differentiation 
110,112
.  In our study, HaCaT 
cells were used as a keratinocyte model owing to its ease of propagation.  
 
On the other hand, the growth of hair follicle into hair shaft need to undergo a 
long and complicated process, hence the cloned hair follicles need to be tested 
in a suitable animal model to prove its normal development cycles (Fig. 4). 
Though important, animal work is not within the scope of present study. In 
this study, all experiments are to be done in vitro and the focus of the study is 
to create biomimetic microstructures using microfabrication techniques and to 
facilitate cell distributions within the microstructures in a controlled way. As 
illustrated in Fig. 4, the microstructure consisting of a microwell with a center 
islet is designed. HDF cells can be localized in the micropatterned hydrogel 
and HaCaT cells can be controlled in the microwells, respectively. The cellular 
compartmentalization within the microstructure is similar to that of human 
hair follicle in which dermal papilla locates at the base of hair bulb and dermal 
papilla is enclosed by primary keratinocytes. The following chapters will 
present an overview of methods for microstructure fabrication, 
characterization of polymeric microstructure, cell culture, biocompatibility of 






Figure 4. Scheme of hair follicle engineering. Dermal cells are mixed in 
prepolymer solution and undergo photopolymerization to form cell-laden 
microstructural hydrogels, followed by seeding epithelial cells on the top of 
microwells. Hair follicles are formed by intensive epithelial-mesenchymal 
interactions and then implanted onto the back of nude mouse (not within the 
scope of present study).  
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Chapter 2 Poly (ethylene glycol) diacrylate (PEGDA) based 3D 
microstructural hydrogel as potential substrate for hair follicle cells 
(Adapted from Journal of Biomedical Materials Research Part A. 2013; 101 
(11): 3159-69) 
 
Poly (ethylene glycol) (PEG) is a synthetic, hydrophilic polymer and it is 
approved by the US Food and Drug Administration for various clinical uses 
due to its nontoxic and non-immunogenic nature. PEG hydrogels are widely 
studied and used for biomedical applications since it is inert to most biological 
molecules such as proteins 
113
. A typical method of crosslinking PEG chains is 
by the photo-polymerization of diacrylate – terminated PEG (PEGDA) 
monomers under ultraviolet (UV) irradiation 
114
. PEGDA has been an 
important type of PEG derivatives using in hydrogel fabrication for tissue 
engineering application, because of its high water content, tunable mechanical 
properties, injectable capacity for tissue repair 
115
. In addition, PEGDA 
hydrogels can be formed in the presence of cells by photocrosslinking, which 
in turn allows homogeneous suspension of cells throughout the gels 
116
. 
PEGDA hydrogel has been used to entrap cardiomyocyte, hepatocytes, 
osteoblasts and other cell types and to study cell responses to 3D hydrogel 
matrix 
115,117,118
. Therefore, PEGDA was considered as a candidate material in 
our study. In this chapter, a microstructured scaffold resembling the 
physiological architecture of hair follicle is fabricated (Fig. 5). This 
microstructural scaffold consisting of microwells and center islets is prepared 
by photocrosslinking PEGDA. Epithelial cells and dermal cells are 
immobilized in different locations of the microstructure, respectively, to study 








Figure 5. Illustration of hair follicle-like scaffold. There are two types of cells 
which are necessary for hair follicle generation. Blue dots represent 
mesenchymal cells which can induce the proliferation of epithelial cells (red 
dots). The scale bar represents 100 μm. (Reproduced from David A. Whiting. 
Histology of the Human Hair Follicle. In: Ulrike Blume-Peytavi, Antonella 
Tosti, David A. Whiting, Ralph M. Trüeb, editor. Hair Growth and Disorders: 
Springer-Verlag Berlin Heidelberg; 2008. p 107–123. With kind permission of 




2.1. Materials and Methods 
 
2.1.1 Master fabrication 
 
Photomasks were designed using AutoCAD 2010 and printed on chromium 
coated soda lime glasses at Infinate Graphics (Singapore). Silicon wafers were 
spin-coated with the epoxy negative photoresist SU-8 2050 (MicroChem Corp., 
Newton, MA) at 2200 rpm, yielding the desired film thickness of 50 μm. 
Wafers were soft baked at 65 ºC for 1 min, followed by a second baking at 95 
ºC for 10 min. For crosslinking of the photoresist, the coated wafers were 
exposed to UV light of 350–400 nm for 65 s through a photomask on a 
single-side mask aligner (SVC, Model H94-25). Subsequently, the wafers 
were post-exposure baked at 65 ºC for 1 min and then at 95 ºC for 6 min. The 
photoresist-patterned silicon masters were developed using SU-8 developer, 
rinsed with isopropyl alcohol for 10 s, and air dried with pressurized nitrogen. 
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The pattern of protruding rods was analyzed using an optical microscope 
equipped on the aligner. For secondary spin-coating, patterned silicon masters 
were spin-coated with negative photoresist SU-8 2075 (MicroChem Corp., 
Newton, MA) at 1000 rpm, yielding the desired film thickness about 200 μm. 
Wafers were soft-baked at 65 ºC for 7 min, followed by a second soft-baking 
at 95 ºC for 60 min. After aligning the patterned master with the second 
photomask by the crosses on each of them, the coated wafers were exposed to 
UV light of 350–400 nm for 90 s through the second photomask by using the 
aligner. Subsequently, the wafers were post-exposure baked at 65 ºC for 6 min 
and then at 95 ºC for 15 min. The photoresist-patterned silicon masters were 
developed using SU-8 developer, rinsed with isopropyl alcohol for 10 s, and 
air dried with pressurized nitrogen. Four different dimensions of microwells 
were obtained with center islets in accordance with the design of photomasks 
(50 µm with 16 µm islet, 100 µm with 33 µm islet, 200 µm with 66 µm islet 
and 400 µm with 133 µm islet). 
 
2.1.2. Polydimethylsiloxane (PDMS)-stamp fabrication 
 
PDMS stamps were fabricated by curing a 10:1 mixture of silicone elastomer 
base solution and curing agent Sylgard 184 (Dow Corning Corporation, 
Midland, USA) on a patterned silicon master. The PDMS elastomer solution 
was degassed for 20-30 min in a vacuum chamber and cured at 70 ºC for 2-4 h 
before the PDMS stamps were peeled from the silicon masters. The generated 
PDMS replicas had patterns corresponding to the silicon master with 
protruding columns and were subsequently used for molding of PEGDA 
microwells. 
 
To identify outlines of PDMS stamps, a slice of the PDMS stamp was cut 
using a blade and treated the surface by using oxygen plasma for 3 min 
(Harrick Scientific, USA). Then, the slice was immersed in 5 µg/mL 
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Rhodamine B (Alfa Aesar, Lancaster, UK) and observed under a fluorescent 
microscope (Nikon Ti, Japan, ex: 545-565 nm). 
 
2.1.3. Microwell fabrication 
 
Microwell arrays were fabricated using UV-photocrosslinkable PEGDA 
(Aldrich Chemistry, USA and Jenkem Technology, USA) of different average 
molecular weights (MWs) (575, 700 and 3500 Da) mixed in a 0.2% (w/v) ratio 
of the photoinitiator Irgacure 2959, 2-hydroxy-4’-(2-hydroxy-ethoxy) 
-2-methylpropiophenone (HHEMP) (Aldrich Chemistry, USA), respectively, 
on a 3-(trimethoxysilyl) propyl methacrylate (TMS-PMA, Sigma, USA) 
treated glass slide. A patterned PDMS stamp was placed on an evenly 
distributed film of precursor solution on a glass slide. To optimize the 
conditions for PEGDA hydrogel photopolymerization, we determined the 
minimum duration of UV exposure required for the formation of designed 
microwell arrays at various UV intensities. After polymerization, the PDMS 
stamp was peeled from the substrate. All photopolymerizations were 
performed using the OmniCure
®
 Series 2000 curing station (320 – 500 nm) 
(Lumen Dynamics, Canada). 
 
2.1.4. Microwell stability 
 
To find stable microwell arrays molded on TMSPMA-treated glass slides, 
prepolymer solutions of various PEGDA concentrations (10%, 20%, 40%, 80% 
w/v) were used to fabricate microwell arrays. The stability of microwells on 
the glass slides was assessed by immersing microarrays in phosphate-buffered 
saline (PBS, Vivantis, KL, Malaysia) in 37 ºC, 5% CO2 humidified incubator 
and analyzing the integrity of the arrays over time. In all cases, dilutions were 




2.1.6. Mechanical testing 
 
Polymerization was performed as described for microwell fabrication. 
Samples were incubated in PBS at 37 ºC, 5% CO2 humidiﬁed incubator for 24 
h to make gels swell to reach equilibrium. Young’s modulus of PEGDA 
hydrogels were obtained by probing flat surfaces by nanoindentation, using a 
Triboindenter (Hysitron, Minneapolis, MN). We chose a spherical indenter tip 
(R ~ 50 μm) for nanoindentation studies, using a peak load of 25 μN, a 
loading/ unloading rate of 5 μN/s, and a holding time at peak load of 2 s. The 
Young’s modulus was determined as the slope of the linear region upon 
unloading. Sixteen indentation curves were performed within a 600 μm × 
600 μm area at a lateral separation of 150 μm. During the nanoindentation test, 
the hydrogels were kept in PBS solution to avoid dehydration 
 
2.1.7. Cell culture 
 
HDF and HaCaT keratinocyte cells were manipulated under aseptic conditions 
and maintained in a humidified incubator at 37 ºC with 5% CO2 atmosphere. 
Media components were filtered through 0.22 µm pore Corning filter units 
(Corning Incorporated, USA). Culture media consisted of Dulbecco's modified 
Eagle's medium (DMEM, Invitrogen Corporation, USA) supplemented with 
10% fetal bovine serum (FBS, Invitrogen Corporation, USA), 1% 10,000 
U/mL penicillin and 10 mg/mL streptomycin (PAN-Biotech GmbH, 
Germany).  
 
2.1.8. Toxicity exclusion tests 
 
- Effects of PEGDA solution 
10% (w/v) and 20% (w/v) PEGDA MW 575, 700, 3500 were prepared in PBS 
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solution. HDF cells were then harvested and suspended in different PEGDA 
solution in a 96 well plate at a cell seeding density of 2 million cells/mL. Cell 
viability was checked at 30 minutes, 1 hour and 2 hours using Live/Dead assay. 
HDF cell suspension in PBS solution was prepared as control. 
- Effects of exposure to different UV intensities 
HDF cells were trypsinized and suspended in PBS. 60 μL HDF cell suspension 
(2 million cells/mL) was placed on a glass slide followed by exposing to UV 
of different intensities at the shortest duration required for hydrogel formation 
during our gel fabrication process using OmniCure® Series 2000 curing 
station (320 – 500 nm) (Lumen Dynamics, Canada). The UV intensities 








 and 10.50 
W/cm
2
. Cell viability was then determined by Live/Dead assay using a 
fluorescent microscope (Nikon-Eclipse TS-1). HDF suspension not exposed to 
UV light was prepared as control. 
- Effects of exposure to photoinitiator (HHEMP) 
HDF cells (2 million cells/mL) were exposed to 0.2% (w/v) photoinitiator 
HHEMP for 30 minutes, 1 hour and 2 hours, respectively. At each time 
interval, Live/Dead assay was performed to determine the cell viability. HDF 
suspension in PBS solution without the photoinitiator was used as control. 
- Effects of combination of both UV exposure and photoinitiator(HHEMP) 
HDF cells were suspended in PBS and 0.2% photoinitiator in a 35mm Petri 
dish. The cell suspension (2 million cells/mL) was then exposed to UV of 4.96 
W/cm
2
 at 30s which was the optimal condition for hydrogel formation. 
Live/Dead assay was performed on the cells post UV exposure at 30 minutes, 
1 hour and 2 hours intervals. HDF suspension without photoinitiator and not 
exposed to UV light was used as control. 
 
To further optimize the conditions for PEGDA hydrogel photopolymerization, 
HDF cells were suspended in prepolymer solution and then exposed to 
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 and 0.12 W/cm
2
. 
Live/Dead assay was performed on the cell-laden hydrogels upon 
photopolymerization. All photopolymerization were performed using the 
OmniCure
®
 Series 2000 curing station (320 – 500 nm) (Lumen Dynamics, 
Canada). PEGDA (MW 3500) concentration, HHEMP concentration and 
distance of UV source were fixed at 10% (w/v), 0.2% (w/v) and 4 cm, 
respectively. 
 
2.1.9. HaCaT cell seeding into microwells 
 
Using a previously-reported method, cells were seeded into the microwells 
120
. 
Briefly, 20 µl of cell media (1-12 million cells per mL) was pipetted along the 
edge of a microscopy glass coverslip which was then slowly wiped across a 
microwell array. The coverslip was wiped across the array at 1.0 mm/s and the 
array was placed in a humid enclosure to avoid evaporation of the isolated 
droplets in the microwells. Cell viability after seeding process was assessed 
using a Live/Dead stain kit (Invitrogen Corporation, USA). Cells were 
incubated in 4 µM ethidium homodimer (Ethd) and 2 µM calcein 
acetoxymethyl ester (calcein-AM) in PBS for 10 min at 37 ºC. To quantify cell 
viability, microarrays were imaged using a fluorescence microscope (Nikon Ti, 
Japan, ex: 545-565 nm). Live cells were stained green due to enzymatic 
conversion of the non-fluorescent cell-permeant calcein-AM to fluorescent 
calcein. Dead cells were stained red after binding of EthD to nucleic acids of 
membrane-compromised cells. The number of cells was counted manually by 
using ImageJ (http://rsbweb.nih.gov/ij/). The cell viability was calculated as 
the ratio between the number of green cells and the total number of green and 
red cells. 
 
2.1.10. Field emission scanning electron microscope (FE-SEM) study 
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Growth of in vitro cultured HaCaT cells on microwells was studied after 2h, 3 
days of cell culture, by processing them for FE-SEM (JEOL JSM-6701F, 
Japan) studies. The microwell arrays were rinsed twice with PBS and fixed in 
2.5% glutaraldehyde solution (Sigma-Aldrich, Singapore) overnight. 
Thereafter, microwells were rinsed in deionized water and dehydrated with 
upgrading concentrations of ethanol (50%, 70%, 90% and 100%) (Fisher 
Scientific, UK) twice for 10 min each. Final washing with 100% ethanol was 
followed by air drying the specimens in fume hood for 2-3 min. Air-dried 
specimens were kept in desiccators over night. Finally, the microwell arrays 
were coated with Pt. using a sputter coater and HaCaT cells were observed 
under FE-SEM. 
 
2.1.11. Encapsulation of HDF cells in PEGDA hydrogel 
 
To fabricate cell-laden microwells, HDF cells were trypsinized and mixed 
with 10% (w/v) PEGDA prepolymer solutions with different average MW 
(PEGDA 575, PEGDA 700, PEGDA 3500) containing 0.2% (w/v) 
photoinitiator at 2 × 10
6
 cells/mL. Then, following the microwell fabrication 
process, 60 µl cell suspensions were transferred on a TMS-PMA treated glass 
slide and a patterned PDMS stamp was placed on the cell suspension, 
followed by UV photocrosslinking. After photopolymerization, the cell-laden 
microgels were transferred into culture dishes containing DMEM culture 
medium. Cell-laden microgels were cultured over 14 days in a humidified 
incubator at 37 ºC with 5% CO2 atmosphere and fed with medium every 2-3 
days. Cell viability was assessed by the Live/Dead assay in the same manner 
as above (Chapter 2.1.9). Upon UV curing, the HDF cell distribution in 3D 
microstructures was imaged using a Nikon SMZ 1500 stereomicroscope 





Data were analyzed by one-way analysis of variance (ANOVA) followed by 
Bonferroni’s post-hoc test using a GraphPad Prism 5.0 (San Diego, USA). 
 
2.2. Results  
 
2.2.1. Microwell Fabrication 
 
Microwell arrays were created according to the steps outlined in Fig. 6. The 
silicon wafer was patterned with photoresist SU-8 to form microwells with 
center islets resembling the topography of hair follicles. Microwells of various 
diameters (50, 100, 200 and 400 µm) were fabricated from precursor solutions 
containing 10% (w/v) PEGDA MW 3500 and 0.2% (w/v) photoinitiator. The 
ratio between the diameter of the center islet and the diameter of the microwell 
is 1:3. The side views of PDMS patterned from the silicon master were shown 
in Fig. 7A (i-iv). The PDMS stamps filled with rhodamine B solutions showed 
the microwell diameters (MD), the microwell heights (MH), and the height of 
center islets (IH) Fig. 7A. Microwells of various diameters were fabricated 






Figure 6. Schematic illustration for the whole process of the microwell 
fabrication: i) silicon master manufacturing, ii) PDMS stamp production and 






Figure 7. Different dimensions of PDMS stamps and corresponding hydrogel 
microwells. A: Cross-sectional images of PDMS stamps (i-iv microwell 
diameters, 56, 93, 180, 388µm) stained by rhodamine B, where MD represents 
microwell diameter; MH represents microwell height; IH represents islet 
height. B: i-iv: images of microwells with various diameters fabricated by 10% 




2.2.2 Microwell stability  
 
To test the stability of microwells over time, the microwells were immersed in 
1 × PBS buffer and monitored daily. Microwells were deemed as ‘‘unstable’’ 
if they detached from the underlying glass slide. During the study, cracks 
developed in some microwell arrays but these cracks did not affect all 
microwells on an array. Hence, two different criteria were established to 
describe the microwell stability, namely ‘‘stability by counting’’ and ‘‘overall 
stability’’. For overall stability, microwell arrays were deemed as ‘‘unstable’’ 
once one or more cracks or detachments occurred from underlying glass 
substrate (Fig. 8A). Overall stability may be employed when the integrity of 
whole microwell arrays is essential in this study. For stability by counting, the 
number of individual damaged microwells was counted every day and the 
overall percentage of stable microwells was calculated (Fig. 8B). Partially 
detached microwell arrays were still useful if only a few microwells are 
damaged because of the cracks. Most microwells made of 80% (w/v) PEGDA 
solution detached partially when incubated in PBS for 1 or 2 days, while 
microwells made of 10 and 20% (w/v) PEGDA remained stable for up to 10 
days. Microwells made of 40% (w/v) PEGDA solution showed inconsistent 
stability for different dimensions of microwell arrays. Thus, it may be 
concluded that diluted prepolymer solutions [<40% (w/v) PEGDA] are able to 








Figure 8. Microwell stability. Arrays were incubated in PBS and their stability 
was analyzed by establishing two methods, A: overall stability of microwell 
arrays and B: stability of microwell arrays based on counting. Overall stability 
was determined based on whether each of the microwell arrays was intact 
(100%) or detached (0%) from the glass slide (n = 9). Stability by counting 
was determined based on the number of the undamaged microwells over total 
number of microwells from each microwell array (n = 9). Hydrated 
prepolymer solutions containing 10%, 20%, 50% and 80% (w/v) PEGDA were 
analyzed over time, and stability of microwell arrays decreased with 
increasing PEGDA concentration. In the figure, diamond patterns (  ) 
represent 10% (w/v) PEGDA; squares (  ) represent 20% (w/v) PEGDA; 





2.2.4. Mechanical testing 
 
To characterize the mechanical properties of microwell arrays, 
nanoindentation studies were performed. After the stability test, only 10 and 
20% (w/v) PEGDA were chosen for the cell-encapsulation study due to their 
high stability. Therefore, the stiffness of these hydrogels was measured. To 
assess the homogeneity of the hydrogel, the stiffness of microwell bottom and 
hydrogel surface were tested. Indentation results showed that there were no 
significant differences between the stiffness of microwell bottoms and 
hydrogel surfaces (Fig. 9). It was also shown that the Young’s modulus of 20% 
(w/v) PEGDA was significantly higher than that of 10% (w/v) PEGDA, as 
increasing the PEGDA concentration increased the number of reactive 
diacrylate groups in the polymerization, thereby leading to higher crosslink 
densities of hydrogel samples. It has been demonstrated that the elasticity of 
the microenvironment influences cell behavior and cell function 
121-123
. Engler 
et al. showed that mesenchymal stem cells (MSCs) on the softest matrices 
differentiated into neurons while MSCs on 10-fold stiffer matrices that mimic 
striated muscle elasticity differentiated into myoblasts 
121,124
. On the contrast, 
fibroblasts do not appear branched on these matrices or express 
neurogenic/myogenic proteins 
121
.  Kloxin et al. also showed that valvular 
interstitial cell differentiation into myofibroblasts was promoted on stiffer 
hydrogel surface while suppressed on softer hydrogel surface 
123
. Thus, these 
findings indicate that the elasticity of the microenvironment is important for 
cell differentiation and different types of cells behave differently at the same 
microenvironment. From the results of our study, the hydrogel stiffness can be 
tuned by adjusting the concentration of prepolymer solution, which may be 






Figure 9. Mechanical properties of PEGDA hydrogels with varying gel 
percentage and thickness. A: Representative nanoindentation curves from 10% 
(w/v) PEGDA microwell bottom, 10% (w/v) PEGDA hydrogel, 20% (w/v) 
PEGDA microwell bottom, and 20% (w/v) PEGDA hydrogel. B: Young’s 
modulus for 10% (w/v) PEGDA microwell bottom, 10% (w/v) PEGDA 
hydrogel, 20% (w/v) PEGDA microwell bottom, and 20% (w/v) PEGDA 
hydrogel. Young’s modulus of 20% (w/v) PEGDA was significantly higher 
than that of 10% (w/v) PEGDA (***p < 0.001) while there were no significant 
differences between Young’s modulus of microwell bottoms and surfaces for 
both concentrations of PEGDA.  
 40 
 
2.2.5. Toxicity exclusion tests 
 
The synthesis of cell-laden microgels from cell-monomer mixture requires UV 
exposure, photoinitiator, and PEGDA prepolymer, each of which is known to 
influence the viability of cells negatively when used at concentrations higher 
than a threshold 
100
. The toxicity of UV light, photoinitiator, and PEGDA 
prepolymer on encapsulated cells was investigated, respectively.  
 
2.2.5.1. Investigating effects of PEGDA solution to HDF viability 
 
From the stability test, 10 and 20% (w/v) PEGDA are preferable in cell-laden 
microwell fabrication because of their high stability. Therefore, HDF cells 
were subjected to 10 and 20% (w/v) PEGDA solutions (PEGDA MW 575, 
PEGDA MW 700, and PEGDA MW 3500) for 2 h. By 2 hours, HDF viability 
dropped to 67.48% for 10% PEGDA MW 575 and to 18.82% for 20% PEGDA 
MW 575. HDF in PEGDA MW 700 showed similar decreasing trend in HDF 
viability over 2 hours. Generally PEGDA MW 700 demonstrated higher 
percentage viability of HDF across all time points compared to PEGDA MW 
575, displaying viability of 79.21% for 10% PEGDA and 48.88% for 20% 
PEGDA after 2 hours. For PEGDA MW 3500, over a period of 2 hours, HDF 
cell viability remained above 80% and showed no significant reduction (p > 
0.05) for both concentrations studied. In summary, PEGDA solution of lower 
MW was more cytotoxic to HDF and HDF cells in PEGDA MW 3500 solution 









Figure 10. Investigating HDF viability in PEGDA solution of different MWs, 
PEGDA 575, 700 and 3500. A: HDF viabilities increased with MWs of 
PEGDA. HDF had highest viability in PEGDA MW 3500 solution over 2 
hours. * and *** indicate p < 0.05 and p < 0.001 as compared to the viability 
of corresponding control group (n=3). B: LIVE/DEAD assay images at 2 hour 
for PEGDA of three different MWs. Living cells were stained green and dead 
cells were stained red. All scale bars represent 200μm. 
 




To minimize the toxicity of UV light, the minimum duration of UV exposure 
at various UV intensities was established which was deemed to be the time 
required for the microwell array formation with no deformation. Then, HDF 
cells in PBS solution were exposed to different UV intensity ranging from 
0.12 W/cm
2
 to 10.50 W/cm
2
 at the minimum duration, respectively, to analyze 
the effect of UV on cell viability (Fig. 11). It was found that these specific 
durations of UV at different intensities had no significant harmful effect on 




Figure 11. Investigating HDF viability in cell suspension (2 million cells/mL) 
after exposure to UV of different intensities. HDF viability was fairly 
consistent across different UV intensities (n=3). 
 
2.2.5.3. Effects of photoinitiator (HHEMP) to HDF viability 
 
It has been reported that different cell types respond differently to the same 
concentration of HHEMP 
125
. Hence, sensitivity of HDF in contact with 0.2% 
(w/v) HHEMP, which is the photoinitiator concentration used to form the 
PEGDA hydrogel, has to be evaluated. In the study, HDF cells were suspended 
in 0.2% (w/v) photoinitiator for 30 minutes, 1 hour and 2 hours, respectively. 
HDF viability remained consistent throughout the 2 hour duration (Fig. 12). 
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This is in accordance to another study that has been performed on other cell 
type like human aortic smooth muscle cells showing that HHEMP is not 
harmful to the cells 
126,127
. Hence, HHEMP in its native form, at low 




Figure 12. Investigating HDF viability in cell suspension (2 million cells/mL) 
after different length of exposure time to photoinitiator. HDF viability is fairly 
consistent across 2 hour period (n=3). 
 
2.2.5.4. Effects of combination of UV exposure and photoinitiator 
(HHEMP) on HDF viability 
 
Although the two factors: (i) UV exposure and (ii) photoinitiator were not 
shown to affect HDF viability on their own, the effect of the combination of 
both factors has to be studied as these two factors are present together during 
the fabrication process. It was found that cell viability started to decrease 
significantly (p < 0.05) at 2 hours (Fig. 13). The decrease in cell viability is 
likely because UV exposure causes HHEMP photoinitiator to form free 
radicals which can cause cellular damage to HDF membranes and hence 
reduces HDF viability significantly 
125
. It has been reported that the addition 
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of antioxidants (i.e. ascorbic acid) may scavenge free radicals and in turn 






Figure 13. Investigating HDF viability in cell suspension after UV exposure 
in the presence of photoinitiator. There was a significant decrease in cell 
viability after 2 hours. * indicates p < 0.05 as compared to the viability of the 
control group (n=3). 
 
Subsequently, HDF cells were mixed in 10% PEGDA (MW 3500) prepolymer 
solution containing 0.2% photoinitiator and then subjected to different UV 
intensities. In order to minimize cytotoxic effects, the shortest gelation time 
required for photopolymerization was chosen in the experiment. Results 
indicate that viability of HDF cells encapsulated under the UV intensity of 
4.96 W/cm
2
 and UV exposure time of 30 seconds (photopolymerization 
condition C) at 87±3% was significantly higher than the other 
photopolymerization conditions (p<0.05) except for condition D (p>0.05) (Fig. 
14). Thus, optimal conditions in terms of cell viability were decided to be 10% 
(w/v) PEGDA in 0.2% (w/v) photoinitiator under 4.96 W/cm
2
 for 30 s for 






Figure 14. A: Viability of HDF cells encapsulated in PEGDA hydrogels 
photopolymerized at various conditions. B: UV intensities and their 
corresponding minimum UV exposure time for hydrogel formation. 
 
2.2.6. Cell compatibility 
 
In Chapter 2.2.5, cytotoxicity of different factors involved in the 
polymerization process was evaluated before photocrosslinking. Upon 
photocrosslinking, cell viability in the microstructural hydrogels is still 
unknown. In addition, the toxicity of PEGDA hydrogels to HaCaT cells 
seeded in the microwell is also studied in this Chapter. 
 
HDF cells were mixed in 10% PEGDA (MW 575, 700 and 3500) prepolymer 
solution containing 0.2% photointiator and underwent UV curing to form 
cell-laden hydrogels. To ensure cell compatibility with engineered hydrogels, 
the viability of HDF cells encapsulated in the gels were ascertained by 
Live/Dead assays. From the results, HDF cells in the control group (before UV 
exposure) and the experimental group (after UV exposure) were all stained in 
green (live cells) and red (dead cells) colors (Fig. 15A-i and A-ii). Cell 
distribution was relatively uniform in 3D microstructures (Fig. 15A-iii & iv). 
The comparison of cell viability before and after polymerization showed that 
the fabrication process decreased cell viability (Fig. 15B). Cell viability varied 
with different PEGDAs after polymerization. PEGDA MW 3500 was the least 
toxic to the cell and cell viability was 88.4% (±2.6%, n=3) after 
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photocrosslinking while cell viability of PEGDA MW 575 and PEGDA MW 
700 were 70.4 (±1.8%, n=3) and 73.8 (±2.9%, n=3), respectively. Therefore, 
due to the least toxicity, PEGDA MW 3500 was chosen to be used in the 




Figure 15. Encapsulating HDF cells (2 × 10
6 
cells/mL) within microwell 
arrays. A-i: Cell viability (HDF) of the control group before UV exposure. 
A-ii: Phase and fluorescent superimposed image after applying a Live/Dead 
assay to HDF cells which shows relatively uniform cell distribution in the 
hydrogel. A-iii: 3D cell-laden microstructures. A-iv: HDF cells stained with 
Ethd (red) and calcein-AM (green) in the 3D microstructure. B: Cell viability 
in various MW PEGDA hydrogels. Cell viability of PEGDA hydrogels after 
microwell fabrication increased with increasing MW. PEGDA 575, PEGDA 
700 and PEGDA 3500 were highly hydrated polymers containing 10% 
PEGDA in PBS. * and *** indicate p < 0.05 and p < 0.001 as compared to the 




For HaCaT cells, various densities (1-12 million cells per mL) of HaCaT cells 
were applied on the top of microwells. Cells were originally dispersed in the 
cell solution before cell seeding (Fig. 16A-i) while cells were retained in 
microwells after cell seeding (Fig. 16A-ii). After Live/Dead assay, cell 
viability of control group (before cell seeding) and experiment group (after 
cell seeding) had no significant difference (Fig. 16B). From the superimposed 
image, it was shown that HaCaT cells were localized inside the microwells 




Figure 16. Seeding HaCaT cells on the top of microwell arrays. A-i: Cell 
viability (HaCaT) of the control group before cell seeding. A-ii: Phase and 
fluorescent superimposed image after applying a Live/Dead assay to HaCaT 
cells demonstrates HaCaT cells were located in microwells. B: Cell viability 
before and after cell seeding showed no significant difference. Initial cell 






2.2.7. HaCaT cell seeding into microwells 
 
We have demonstrated that cell seeding process did not compromise cell 
viability. In addition, the ability to quantitatively control the number of cells 
within microwells is also important for a good tissue engineering model 
128
. 
The number of HDF cells in the gel was controlled by preparing different 
densities of cell suspensions prior to microwell fabrication. For the 
quantitative control of HaCaT cells, a wiping technique, established in our 
previous study, 
120
 was employed. This wiping method produced relatively 
uniform distribution of cells in the microstructures and accurately predicted 
cell seeding densities 
120
. By using this method, we seeded various densities of 
HaCaT cells (1-12 million cells per mL) inside microwells (Fig. 17A-E). 
Similar to previous study, the number of cells in the microwells increased with 
the cell seeding density (Fig. 17F). The difference is that a broader range of 
cell densities was selected. Hence, this wiping method was verified to be also 
useful in high cell densities when more cells were retained within the 
microwells. From Fig. 17F, the linear least-squares fit has a slope of 4.00 for d 
= 200 µm while the slope in previous study was 7.62 for d = 229 µm 
120
. This 
may be due to the difference in microwell diameters and patterns. The new 
design has a center islet in the middle of the microwell which may have 







Figure 17. Various densities of HaCaT cells seeded on the top of microwell 
arrays. A-E: Representative images of HaCaT cells stained with calcein-AM 
fluorescent dye in the microwells with different cell seeding densities. F: The 
average number of cells per well increased with increasing initial cell 
concentration (n=3). Scale bars represent 200 µm. 
 
2.2.8. Cell growth (HaCaT) in the microwells 
 
To understand the development of HaCaT cells in the microwells, HaCaT cells 
(4 million cells per mL) were cultivated in a humidified incubator upon cell 
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seeding at 37 ºC with 5% CO2 atmosphere over 8 days. After cell seeding (Fig. 
18A), individual cell could be recognized by fluorescent staining. On day 1 
and day 3 (Fig. 18B-C), it was shown that most of cells were aggregated. 
After 8 days (Fig. 18D), cell aggregates grew bigger and different aggregates 
combined together. The formation of cell aggregates in the microwells could 




Figure 18. HaCaT cells growing in microwell arrays over 8 days. Live/Dead 
assay was performed to indicate cell viability. A: Image of HaCaT cells on the 
top just after cell seeding. B-C: Cell aggregates formed on day 1 and day 3. D: 
Cell aggregates growing bigger after 8 Days. All scale bars represent 100 µm. 
 
Growth of cultured HaCaT cells into cell aggregates on microwells was also 
studied under FE-SEM. Hydrogel samples were pretreated by gradient ethanol 
dehydration instead of using lyophilization in order to maintain the integrity of 
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cell membrane. From the FE-SEM image, it was shown that polymeric 
structure of PEGDA hydrogels appeared to be fibrous (Fig. 19B1-2). It 
consists of an irregular arrangement of numerous compacted fibers. After cell 
seeding, HaCaT cells were spherical in shape and the cells overlapped, 
connected mutually around the center inlet (Fig. 19C). Over 72-hour 
incubation, it was clear that individual cells became cell aggregates due to the 
low protein absorption at hydrophilic hydrogel surface and 
hence low cell-binding capacity (Fig. 19D) 
129
. Nevertheless, it was noted that 
there were some fibers generated between the cell aggregates and center inlet. 
The reason could be that the extracellular matrix proteins secreted by cells 





Figure 19. A: Representative image of microstructure (200 μm). B1-B2: SEM 
images of hydrogels. B1: center islet surface. B2: microwell bottom surface. C: 
Upon cell seeding, HaCaT cells were spherical in shape. D: After 3 days’ 




2.2.9. Cell growth (HDF) in the microstructured hydrogels 
 
After cell-laden hydrogel fabrication, HDF cells encapsulated in the hydrogels 
were monitored for up to 14 days at the same locations. Cell spreading was 
observed at the bottom of microwells after 72-h incubation and the 
morphology of cells changed at day 7 and day 14 (Fig. 20A). The reason that 
cell spreading only occurred at the bottom of the microwell may be that the 
bottom was made of a thinner layer of PEGDA hydrogel which can minimize 
diffusion limitations and provide more effective nutrient transport 
99,130
. 
PEGDA (MW 3500) in our study showed long-term viability for cells 
encapsulated over 14 days. From Live/Dead assays, it was shown that cell 
viability decreased quickly in first 3 days from 84.4% to 59.2%, while it was 






Figure 20. HDF cell encapsulation in PEGDA (MW 3500) hydrogel over 2 
weeks. A: (i-iv) Phase contrast images of HDF cells in microgels. After 72 h, 
cell spreading was seen in the hydrogel and the morphology of cells continued 
to change over 2 weeks (indicated by arrows). Except day 0, images of day 3, 
day 7 and day 14 were from the same location of the hydrogel. B: 
Quantification of cell viability by Live/Dead assay over 2 weeks. Cell viability 
decreased consecutively on first 7 days, and then cell viability remained stable 





2.3.1. Microwell fabrication 
 
Most tissues are composed of more than one cell type, with highly organized 
microscale patterns and extracellular matrix (ECM) components, in order to 
perform a specific function 
131
. The functionality of a certain tissue is related 
with this complex architecture, thus mimicking natural tissue structure is 
crucial for engineered tissues in the application of regenerative medicine 
131
. 
For example, epithelial-mesenchymal interactions are important to hair follicle 
morphogenesis and mesenchymal cells under epithelial placode form 
mesenchymal condensates. Mesenchymal condensates were reconstituted by 
suspending dermal papilla cells in specific volumes of medium as separate 
droplets from the inverted lid of a Petri dish 
31
. However, this hanging drop 
method is not amenable to scale up and the low volume of medium per droplet 
is difficult to manipulate and cannot sustain long term culture 
132
. Furthermore, 
the size and shape of cell aggregates cannot be easily controlled. There have 
also been many attempts to control the position relationship between epithelial 
and mesenchymal cells in vitro 
28,34-37
. Although mesenchymal cells were in 
close contact with keratinocytes in these 3D organotypic culture systems, 
spatial features of cell compartmentalization in vivo were ignored and the size 
and shape of cellular matrices were out of control. It has been demonstrated 
that size and shape of scaffolds can impact strongly cell development and 
differentiation. Vaysse et al. investigated adult human neural stem cells 
differentiation on microchannel patterned polymers with various dimensions 
133
. Micropatterned PDMS surfaces could promote cell alignment as compared 
to the control sample (unpatterned PDMS surface). Narrower microchannels 
induced better cell alignment but involved higher constraints for cells leading 
to smaller differentiation rates and hindered neurite development. Wider 
microchannels provided a higher neuron density but the neurite alignment was 
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slightly altered and escapes of neurites out of their “guiding” microchannels 
were more frequent. In addition, it has been reported that the size of embryoid 
bodies (EBs) formed in microscaffolds regulates the lineage specific cell 
differentiation 
134
. Hydrogel microwells with different diameters were created 
for forming EBs with different size. It was shown that larger EBs (450 μm in 
diameter) promoted cardiogenesis, and in contrast, endothelial cell 
differentiation was increased in smaller EBs (150 μm in diameter). These 
findings implied that the architecture of microscaffolds may influence cellular 
behavior. Therefore, it is reasonable to assume that incorporating 3D 
microfeatures of hair follicle bulb within microengineered scaffolds may be 
important since it can recreate the spatial organization of epithelial and 
mesenchymals in the same way as in hair follicles. 
 
In our study, microwell arrays were fabricated to mimic the architecture of the 
hair follicle. As a widely used biomaterial, PEGDA was chosen as the material 
of the scaffold due to its hydrophilicity and photocrosslinkability 
135
. In 
addition, the porous form of PEGDA hydrogel was reported not to confine the 
mobility of cells and support epithelial–mesenchymal cell interactions 99. To 
increase the bonding of the polymer–glass interface, the glass substrates were 
acrylated using TMS-PMA. This surface treatment introduced terminal 





Although the microstructure in our study is not exactly the same as the 
architecture of hair follicle, our design follows the dimension of hair follicle 
and facilitates the cell distribution in a similar way to that in the hair follicle. 
In the early anagen, the mesenchymal cells lie beneath the epithelial cells 
while the rapidly proliferating epithelial cells enclose the mesechymal cells. 
Using the microwells, mesenchymal cells can be specifically positioned close 
to epithelial cell populations in fabricated microstructures. Besides, the design 
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of microwells with center islets resembles the protrusion of the dermal papilla 
into the hair follicle. The ratio between the diameter of the center islet and the 
diameter of the microwell is about 1:3, since the diameter of the mesenchymal 
condensate enclosed by hair MC is nearly one third of the diameter of lower 
hair bulb. Moreover, four dimensions (50, 100, 200 and 400 μm) were chosen 
based on histological studies of the hair follicle, which showed that a human 
hair follicle is approximately 150–200 μm in diameter at its root 63. 
 
2.3.2. Microwell stability 
 
From the stability test, it has been demonstrated that microwell stability 
decreases with increasing concentration of prepolymer solution. The reason 
for the results can be explained by the gel swelling upon exposure to an 
aqueous environment. When hydrophilic polymeric networks are placed in 
contact with water, they usually swell due to favorable thermodynamic 
interaction of macromolecular segments with water molecules 
130,137,138
. Thus, 
higher concentrations of prepolymer solutions [<40% (w/v) PEGDA] allowed 
rapid water uptake and swelling which created stress across the glass–polymer 
interface and led to detachment of the microwell array. The results are 




2.3.4. HaCaT cell seeding into microwells 
 
The developed wiping method facilitates the allocation of HaCaT cells in the 
microwells. Upon seeding various densities of HaCaT cells in the microwells, 
it was found that HaCaT cells were evenly distributed in different wells and 
the cell number increased with seeding cell density. Some center islets were 
covered by HaCaT cells when initial cell solution concentration was increased 
to 12 million cells per mL. The average number of cells per well at low 
seeding cell densities was tested because cells were discernible at such 
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concentrations. For the actual biological studies, further increase of the 
seeding cell concentrations will be needed to ensure all center islets are 
covered by epithelial cells, using the linear relationship. 
 
2.3.3. HDF cell encapsulation 
 
In the study of cell encapsulation, HDF cells were immobilized in the 
microstructural hydrogels after UV polymerization. From the toxicity 
exclusion tests, it has been demonstrated that the combination of UV exposure 
and photoinitiator negatively influenced the cell viability, hence compared 
with the control group, the decrease of cell viability may be due to the free 
radicals produced by photoinitiator. The variation in the viability of cells 
encapsulated in different MW PEGDA hydrogels is in accordance to the 
results from the toxicity exclusion tests in which PEGDA monomer with 
different MW had distinct effects on cell viability. PEGDA MW 575 and 
PEGDA MW 700 allowed higher diffusion rates into the cells compared to 




Upon cell encapsulation, the development of HDF cells in the gels was studied 
for 14 days and the cell viability was monitored accordingly as well. Cell 
spreading was observed at the bottom layer of microwells from day 3, 
indicating that the polymeric environment is benign to the cells. In the Fig. 
20B, the initial decrease in cell viability could be due to cell damage caused 
by residual photocrosslinking factors encapsulated in hydrogels, such as 
toxic free radicals formed during crosslinking process, unpolymerized 
photoinitiator and PEGDA monomers. These toxic factors may continuously 
diffuse into outside culture medium and eventually be removed after fresh 
medium was added repeatedly. As a result, the cell viability was maintained at 
the same level after 7 days. It has been reported that the addition of other 
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factors into PEGDA gels can further improve cell development and this could 






Microscale technologies (including soft lithography, photolithography, 
bioprinting etc.) have been widely used to fabricate 3D hydrogel scaffolds 
with specified structures, functional properties and controlled cell–cell 
interactions for tissue engineering applications 
99,141
. In this chapter, a hair 
bulb-like microstructure which contains a microwell with a center islet was 
created by soft lithography. This 3D microstructure may work as a suitable 
model for studying cell-cell communication in vitro. It could provide the exact 
spatial control of two types of cells that were involved in hair follicle 
development. PEGDA was chosen as the main material of the microstructures 
and four different dimensions (50, 100, 200 and 400 μm in diameter) of 
microwells were created. The results of cytotoxicity test on different factors 
(monomer, photoinitiator, UV) involved in the fabrication process indicate that 
PEGDA monomer with smaller MW is more toxic to HDF cells and the 
combination of both UV light and photoinitiator negatively impact the HDF 
viability. We have also demonstrated that HaCaT cells were well controlled in 
the microwells by a wiping method and the seeding process had minimal 
effect on cell viability. The number of HaCaT cells in the microwells increased 
with the cell seeding density and HaCaT cells grew to cell aggregates over 
time. The number of HDF cells in the hydrogels can be easily tuned by 
adjusting the concentration of HDF cells in the prepolymer solution. Upon 
polymerization, PEGDA with higher MW exhibited higher cell viability and 
PEGDA MW 3500 sustained cell survival over 14 days. Therefore, this 
PEGDA based microstructural hydrogel may be a useful scaffold for in vitro 
hair follicle engineering. 
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Chapter 3 Hyaluronic acid based 3D microstructural hydrogel as 
potential substrate for hair follicle cells  
 
Besides synthetic polymers, natural polymers owing to the bioactive properties 
are also commonly used in tissue engineering application 
142
. Natural materials 
have better interactions with the cells which allow them to enhance cell 
performance in biological system 
143
. Thus, the natural polymer, hyaluronic 
acid (HA), was also considered as an alternative material of microstructural 
hydrogels due to its biodegradability and biocompatibility. HA is a 
glycosaminoglycan 
144
, composed of linear repeating units of glucuronic acid 
and N-acetyl glucosamine linked by β 1-3 and β 1-4 glycosidic bonds 145. It is 
naturally found in the extracellular matrix. Despite having weak mechanical 
properties 
146
, HA has been used as scaffolding materials and was 
demonstrated to have immense potential in tissue engineering 
147
. As a natural 
polymer, HA provides an environment that mimics the extracellular matrix, 
thus favoring cell attachment, proliferation and differentiation 
148
. Its 
biodegradability confers a huge advantage as a scaffold in tissue engineering 
because newly generated tissue and extracellular matrix can replace the initial 
scaffold as the tissue structure develops 
149
. In our study, methacrylate group 
was conjugated with HA to form methacrylated hyaluronic acid (MeHA) to 
facilitate photocrosslinking 
145
, to overcome the weak mechanical strength of 
HA 
146
. MeHA precursor solution was polymerized and molded into 
microwells with center islets, mimicking the microstructure of hair follicles. 
The physical properties and microarchitecture of MeHA hydrogels were 
characterized. Similar to studies on PEGDA in Chapter 2, dermal cells were 
mixed in MeHA precursor solution to prepare cell-laden hydrogels. On the 
other hand, epidermal cells were seeded on the top of microwells. Cell 





3.1. Materials and Methods 
 
3.1.1. MeHA synthesis 
 
MeHA was synthesized as reported before 
150,151
. Methacrylic anhydride 94 % 
(Sigma Aldrich, Singapore) was added to 1 % (w/v) of HA solution (MW = 
75-kDa; Lifecore Hyaluronan Division, USA) and reacted for 10 hours at 5 °C. 
The pH of HA solution was adjusted to 8.0 before the start of reaction and 
maintained between 8.0 and 9.0 using 5N NaOH (Merck, Germany) 
throughout the reaction. MeHA solution was then dialyzed using dialysis 
tubing cellulose membrane (MW = 11,035; Sigma Aldrich, USA) for 48 hours 
and subsequently freeze-dried with a lyophilizer (Labconco, USA) for 72 
hours. The lyophilized MeHA was stored at -20 °C prior to use. 
 




Degree of methacrylation (DM) is defined as the amount of methacryloyl 
groups within one HA disaccharide repeat unit and it was determined by using 
1
H-NMR spectroscopy. A 3 % (w/v) solution of MeHA in deuterium oxide 
(Sigma, Singapore) was prepared for analysis and spectrums were generated 
by using a NMR spectrometer (Bruker AVANCE III 400-MHz, Germany). DM 
was calculated as a ratio of the relative peak integrations of the methacrylate 
protons (peaks at ~6.1, ~5.6, and ~1.85 ppm) and HA’s methyl protons (~1.9 
ppm). 
 
3.1.3. Hydrogel preparation 
 
MeHA prepolymer solution was prepared by dissolving lyophilized MeHA in 
0.05 % (w/v) photoinitiator HHEMP (33 wt% Irgacure 2959; Ciba, USA), 
which was dissolved in phosphate buffered saline (PBS) (Vivantis, Malaysia) 
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solutions.  The PDMS stamp was placed on top of the prepolymer solution on 
a TMS-PMA (Sigma Aldrich, Singapore) coated glass slide. The prepolymer 
solution was cured by exposing it to UV light (Omnicure Series 2000 Exfo 
model s2000-XL, Canada) of 4.3 W/cm
2
 intensity for varying periods of time, 
with the distance of UV lamp from stage fixed at 4 cm. 
 
3.1.4. Hydrogel morphology by scanning electron microscopy 
 
The interior morphology of MeHA hydrogels was measured using a FE-SEM 
(JEOL JSM-6701F, Japan). Upon polymerization, MeHA hydrogel samples 
(2.5%, 5%, 7.5% and 10% w/v) swollen to equilibrium were frozen at ﹣
80 °C and lyophilized for 72 hours by a cryofixation technique (Labconco, 
USA). The dried hydrogels were mounted onto aluminum stubs and coated 
with Pt. using a sputter coater (JEOL JFC-1600, Japan). The samples were 
observed using the FE-SEM at 5.0 kV. 
 
3.1.5. Contact angle measurement 
 
For contact angle measurement, the fabrication process was the same as above 
except that the patterned PDMS mold was not used. The flat hydrogels made 
of different concentrations of MeHA (2.5%, 5%, 7.5% and 10% w/v) were 
dabbed with clean wipes to remove unpolymerized macromer solution. A 
handheld USB digital microscope camera (Eikona Image Soft, China) was set 
up on a retort stand to ensure consistent capturing angle across all samples. 80 
μL of deionized water was dropped onto the hydrogels (2.5%, 5%, 7.5% and 
10% w/v) before imaging. 
 




The rheological properties of the MeHA hydrogels (2.5%, 5%, 7.5% and 10% 
w/v) were determined using a rotational rheometer (Bohlin Gemini HR nano, 
Bohlin Co., UK). The flat MeHA hydrogel was fabricated as stated in Chapter 
3.1.3 without PDMS molds and it was placed between an upper plate fixture 
of a 20 mm parallel plate and a stationary surface before being subjected to 
sinusoidal oscillations. The gap between the two surfaces was set to 0.75 mm. 
In a dynamic strain sweep test conducted at 1 Hz and 23°C, storage modulus, 
G’, and loss modulus, G’’, versus strain profiles were generated as strain 
increased from 0.1% to 100%. Critical strain, indicating the onset of hydrogel 
rupture, was considered as the strain level where G’ began to drop. 
 
3.1.7. Cell culture 
 
HDF and HaCaT keratinocyte cell line were manipulated under aseptic 
conditions and maintained in a humidified incubator at 37 ºC with 5% CO2 
atmosphere. Media components were filtered through 0.22 µm pore Corning 
filter units (Corning Incorporated, USA). Culture media consisted of DMEM 
(Invitrogen Corporation, USA) supplemented with 10% fetal bovine serum 
(FBS, Invitrogen Corporation, USA), 1% 10,000 U/mL penicillin and 10 
mg/mL streptomycin (PAN-Biotech GmbH, Germany). 
 
3.1.8. HaCaT cell seeding 
 
Hydrogel microwells were fabricated as stated in Chapter 5.3. Microwells 
(200 m in diameter) were used for cell seeding. PBS solution was removed 
and the fabricated microstructures were gently dabbed dry with clean wipes. 
20 l of HaCaT cell suspension at a seeding density of 20 × 106 cells/mL were 
wiped across the microstructures using a cover slip. Microwells seeded with 
HaCaT cells were maintained in culture medium and medium was changed 
every 3 days. Cell viability testing was performed on the HaCaT cell 
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suspension used for cell seeding, day 0, day 1, day 3, day 7 and day 14 after 
fabrication. Cells were stained using a combination of ethidium homodimer 
(EthD) (Invitrogen Corporation, USA) and calcein acetoxymethyl ester 
(calcein-AM) (Invitrogen Corporation, USA) for 10 minutes at 37 ºC. To 
quantify cell viability, microarrays were imaged using a fluorescence 
microscope (Nikon Ti, Japan, ex: 545-565 nm). Live cells were stained green 
and dead cells were in red. Fluorescence intensities for both green and red 
colors were measured using Image J. Briefly, a grid of ROIs was produced to 
match the microarray and then fluorescence values in both the green (calcein 
AM) and the red (EthD) channels were measured. Minimal values in each ROI 
were taken as the local background and subtracted from the fluorescence 
reading. The cell viability was calculated as the ratio between green 
fluorescence reading and the sum of green and red fluorescence readings. 
 
3.1.9. HDF cell encapsulation 
 
HDF cells were mixed in 5.0% (w/v) prepolymer solution at a seeding density 
of 2 × 10
6 
cells/mL and encapsulated HDF microwell array was fabricated as 
in Chapter 5.3. PDMS stamp with outer diameter of 200 m with a 66 m 
center islet was used. Cell-laden hydrogels were maintained in culture medium 
and was changed every 3 days. Cell viability testing was performed using 
calcein-homodimer Live/Dead assays (Invitrogen, USA) in the same manner 




Data were analyzed using one-way ANOVA followed by Bonferroni’s 





3.2. Results  
3.2.1. 
1
H-NMR characterization of MeHA 
 
Photopolymerizable methacrylate group was added to HA to form MeHA (Fig. 
21A). 
1
H-NMR spectroscopy was performed on all batches of MeHA to 
confirm methacrylate modification. DM is defined as the amount of 
methacryloyl groups within one HA disaccharide repeat unit. It was calculated 
from the ratio of the relative peak integrations of the methacrylate protons, 
with peaks at ~6.1 ppm, ~5.6 ppm, and ~1.85 ppm, and HA’s methyl protons 
with peak at ~1.9 ppm. Fig. 21B and 21C shows the 
1
H-NMR spectrum of 
75-kDa HA and MeHA respectively. Presence of methacrylate peaks at ~6.1 
ppm, ~5.6 ppm, and ~1.85 ppm in Fig. 21C indicates successful conjugation 
of methacrylate group to HA to form MeHA 
145
. The average DM for different 





Figure 21. A: Chemical synthesis of MeHA by reacting HA and methacrylic 
anhydride. B: 
1
H-NMR spectrum of 75-kDa HA. C: 
1
H-NMR spectrum of 
MeHA (DM= 19.4%). 
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3.2.2. FE-SEM study 
 
SEM images of 2.5%, 5%, 7.5% and 10% (w/v) MeHA hydrogels are shown 
in Fig. 22. Hydrogels with different concentrations of MeHA showed 
well-defined 3D pore structures in the swollen state. The higher concentration 
MeHA hydrogel showed a smaller pore structure than the lower concentration 
hydrogel due to a higher level of crosslinking and hence a tighter network 
structure. The networks appear thinner and more flexible in the lower 




Figure 22. SEM images of 2.5%, 5%, 7.5% and 10% (w/v) MeHA hydrogels 
(250 × magnification). 
 
3.2.3. Contact angle measurement 
 
Contact angle measurement was performed to determine the surface 
hydrophobicity/hydrophilicity of MeHA. Contact angle of water measured on 
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different concentrations of MeHA hydrogels showed an increasing trend with 
increasing MeHA concentration (Fig. 23). 2.5% MeHA hydrogel gave the 
lowest contact angle with water, indicating that it is the most hydrophilic of 
the 4 concentrations tested. This signifies that the higher the concentration of 




Figure 23. A: Contact angle of water measured on different concentration 
MeHA hydrogels. Increasing trend was observed with higher MeHA 
concentrations (n=3); B: Effect of concentration of MeHA on contact angle of 
water. As concentration of MeHA of hydrogel increases, contact angle of 
water increases (n=3). 
 
3.2.4. Rheological properties 
 
In the dynamic strain sweep test, the viscoelasticity of MeHA hydrogels was 
measured over a wide range of shear strains (0.1%–100% strain). Oscillatory 
deformation was applied to the hydrogels and the material response was 
monitored at a constant frequency (1 Hz) and temperature (23 °C). The storage 
modulus G’, as a rheological property of gels, is a measure of the brittleness 
and rigidity of the junctions within the structure 
152
. MeHA hydrogels as 
viscoelastic materials exhibit both elasticity of solids and viscosity of liquids. 
Fig. 24 shows the change of the moduli (elastic (G’) and viscous (G”)) of the 
hydrogels with different concentrations of MeHA, as functions of various 
oscillating strain amplitudes. It was shown that hydrogels behaved like elastic 
solids (G’ > G’’) at low strain, while with increasing strain, they behaved more 
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like viscous liquids (G” > G’), indicating bond breakage within the networks 
of hydrogels. It was also found that the rigidity of hydrogels (G’) increased 
with increasing MeHA macromer concentrations while the hydrogel with 
lower MeHA concentration can withstand higher strain to maintain the 





Figure 24. Log-log plot of shear moduli (G’, G’’) vs. strain (n = 3) for 2.5%, 
5%, 7.5% and 10% (w/v) MeHA hydrogels. 
 
3.2.5. HaCaT cell seeding 
 
HaCaT cells were seeded onto the microwell array by wiping, which have 
been shown in Chapter 2.2.8 
120
. Upon cell seeding, the same microwells were 
monitored for cell behavior over 14 days (Fig. 25). Live/dead assay was used 
for cell viability analysis of the cell suspension and cell aggregates at different 





It was observed that cell aggregates formed in the microwells from day 1 
onwards, as seen from Fig. 25A. This may be explained by the highly 
hydrophilic nature of HA on which protein absorption was restrained, making 
it more favorable for cells to form aggregates 
153
. The cell aggregate size 
increased slightly at day 3. A change in the cell aggregate morphology was 
observed where there was outward growth of cell aggregates at day 3 using 
day 1 as the comparison. Furthermore, seeded HaCaT cells appeared to 
proliferate to fill up the microwell at day 14. Live/dead assay on day 14 
revealed a significant proportion of live cells and cell aggregates in the 
microwells.  
 
Fig. 25B shows the viability of HaCaT cell aggregates on microwells over 14 
days. Viability decreased gently, from 92.7 ± 0.48 % at day 0, to 86.8 ± 9.3% 
at day 1, to 79.7 ± 15.3 % at day 3, to 79.2 ± 4.44 % at day 7, and eventually 
to 72.3 ± 4.09 % at day 14, however, there was no statistically significant 
difference in cell viability over time (p > 0.05). Viability of HaCaT cell 
aggregates remained high throughout the 14-day period, suggesting that 5.0% 
(w/v) MeHA microstructural hydrogel is able to support the growth and 






Figure 25: Images of HaCaT cells seeded in microwells taken at the same 
location at different time points. A: HaCaT cells growing in microwells (outer 
diameter = 200 μm, inner diameter = 66 μm) over 14 days. Green fluorescence 
represents live cells and red represents dead cells. All scale bars represent 100 
μm. B: Cell viability of HaCaT seeded on microwells (n = 3). Cell viability 
fell gradually over 14 days, and remained high at 72.3 % at day 14.  
 
3.2.6. HDF cell encapsulation 
 
HDF cells were encapsulated in 2.5% (w/v) MeHA and 5.0% (w/v) MeHA 
microwell arrays to test out the suitability of MeHA as a material to support 
cell viability. Representative images of HDF cells encapsulated in 5.0% (w/v) 
MeHA hydrogels are shown in Fig 26A. Live/Dead assay was used for cell 




There was no significant difference observed in cell viability for HDF 
encapsulated in 2.5% (w/v) MeHA mould seemed higher than that of 5.0% 
(w/v) over the 7-day incubation period. Therefore, it can be concluded that 
both 2.5% (w/v) and 5.0% (w/v) MeHA gave comparable HDF viabilities over 
an incubation period of 7 days and approximately 50% of HDF cells were 




Figure 26. A: Representative images of HDF cells encapsulated in MeHA 
hydrogels (5.0% w/v) over 7-day incubation. B: HDF cell viability over 7-day 
incubation in 2.5% and 5.0% (w/v) MeHA hydrogels. Viability generally 





3.3.1. Degree of methacrylation (DM) 
 
DM affects the crosslinking density of hydrogels 
154
, which may in turn affect 
physical and mechanical properties of the gels 
155
. DM can be controlled by 
varying the reaction time and amount of methacrylic anhydride added 
155
. In 
our study, the pH of MeHA synthesis reaction was adjusted and maintained by 
frequent adding NaOH solution manually and allowing the reaction to proceed 
for 10 hours. The average DM for 4 different batches of MeHA prepared at 
different time points was 26.4 ± 7.58%. The automatic injection system may 
be developed to support longer reaction time, if MeHA with higher DM needs 
to be synthesized. Nevertheless, it was reported that DM has minimal effect on 
cell response as results showed cell attachment and proliferation regardless of 




3.3.2. Contact angle measurement 
 
It has been known that mechanics, topography and surface chemistry of the 
microenvironment are very important for cell attachment and proliferation 
121
. 
The surface hydrophilicity of MeHA hydrogels was estimated by contact angle 
testing, and the corresponding contact angles were 20.6, 33.1, 36.1 and 44.8 
for 2.5%, 5.0%, 7.5% and 10% (w/v) MeHA hydrogels, respectively. As the 
percentage of macromer increased in the hydrogel, the contact angles of water 
on gel surface increased, indicating that higher concentration MeHA hydrogels 
are more hydrophobic. The literature has shown that hydrogels having a 
hydrophilic surface may discourage the serum protein (in the culture medium) 







3.3.3. Rheology properties of MeHA hydrogels 
 
The elasticity of microenvironment also plays an important role in cell 
behavior 
121
. In the current study, while the methacrylation is kept constant, it 
has been shown that with increasing the concentration of macromers, MeHA 
hydrogels are more rigid, but more brittle (Fig. 24). It may be caused by the 
difference in the degree of crosslinking 
145
. More macromers in the 
prepolymer solution contribute to higher density of networks, resulting in 
more rigid hydrogels. SEM images also showed that the internal network 
structures of MeHA hydrogels in which 2.5% (w/v) MeHA has many loose, 
fragmental networks while 10% (w/v) MeHA possesses more organized and 
compact crosslinkings. On the other hand, higher concentration MeHA 
hydrogels can only withstand a small deformation, since G’ of 7.5% and 10% 
(w/v) MeHA hydrogels dropped rapidly with increasing strain while for 2.5% 
(w/v), G’ value remained stable without showing any change in elasticity up to 
10% of the strain. This is likely related to the density of crosslink as well. The 




3.3.4. HaCaT cell seeding 
 
Upon cell seeding, HaCaT cells formed cell aggregates in the microwell from 
day 1 onwards. This is likely because the hydrophilic surface of 5.0% (w/v) 
MeHA hydrogel do not support cell attachment, corresponding to the results 
from contact angle measurement. It was also observed that the microwell 
dimension increased from day 7 onwards (Fig. 25A). It may be due to the 
swelling of the MeHA hydrogel, which creates stress at the glass-polymer 
interface, leading to the increase in microwell dimension. Enzymes released 
by HaCaT cells may probably degrade crosslinks of hydrogel networks and in 




3.3.5. HDF cell encapsulation 
 
The concentration of MeHA is closely related to the viability of cells 
encapsulated in the hydrogels. It was found that the viability of 
photoencapsulated 3T3-fibroblasts in the HA hydrogels decreased as the 
macromer concentration increased 
150
. This could be induced by an increase in 
the radical concentration during encapsulation since there are more reactive 
groups (i.e., methacrylates) in the prepolymer solutions with higher macromer 
concentrations. Besides, it was reported that 5.0% (w/v) MeHA in PBS was 
optimal for maintaining high NIH-3T3 mouse embryonic fibroblast cell 
viability within hydrogel films 
141
. In another study, hydrogel comprising 2.0% 
(w/v) of a 50-kDa macromer was tested to support the highest viability of 
differentiated mammalian cells 
158
. Since the MW of HA used in our study is 
similarly high, it is believed that lower concentrations of 2.5% and 5.0% (w/v), 
as opposed to concentrations like 10.0% would promote good cell viability. 
Therefore, 2.5% and 5.0% (w/v) MeHA concentrations were selected for the 
encapsulation experiments. 
 
After UV photocrosslinking, for both concentrations of MeHA microwell 
arrays encapsulated with HDF cells, above 80% cells were survived in our 
studies which are consistent with the results of previous studies 
141,144,150
. After 
one week of culture, a further decrease in viability was also reported in those 
studies. However, since type of cells encapsulated in hydrogels, cell density, 
MW of hyaluronic acid, UV intensity and viability assay in those studies are 
different from our study, the results of encapsulated cell viability is 
incomparable. Nevertheless, it has been reported that MeHA hydrogels did not 
result in significant adhesion of cells at lower MeHA concentrations (2.5% & 
5%) due to poor protein adsorption to the hydrophilic MeHA hydrogel surface, 
which may restrict cell adhesion and proliferation in the hydrogels 
144,145
. The 
incorporation of the GRGDS peptide or collagen allowed modulation of the 
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HA properties from cell non-adhesive to adhesive and thereby influencing 
biological activity of the gels 
144,145
. In the future study, addition of adhesion 




HA is a glycosaminoglycan that is found in extracellular tissue in many parts 
of the body 
159
. It has been used as a scaffolding material of hydrogels for 
wound healing and dental pulp regeneration 
147,160
. In Chapter 3, HA was 
conjugated with methacrylate group to be photocrosslinkable. MeHA was used 
to fabricate microwells with center islets resembling the shape of human hair 
follicle. Contact angle measurements have shown that hydrogels with greater 
concentrations of MeHA had higher surface hydrophobicity. In addition, with 
increasing macromer concentration, the stiffness of MeHA hydrogel increased 
while the pore size of polymeric networks decreased. From the results of cell 
seeding, similar to PEGDA (MW 3500) hydrogels, HaCaT cells formed cell 
aggregates and the aggregates grew bigger and bigger in the MeHA 
microwells. For the long-term cell viability in the MeHA hydrogels, about 50% 
HDF cells remained viable on day 7, which is comparable to cell viability in 
the PEGDA (MW 3500) hydrogels.  
 
Nonetheless, it was found that the size of microwells became bigger from day 
7 onwards in the cell seeding test. It seems that MeHA hydrogels swell in the 
culture medium, creating stress at the glass-polymer interface, thus leading to 
the increase in microwell dimension. In the cell encapsulation study, 
cell-encapsulated MeHA hydrogels detached from glass slides on day 10. It is 
postulated that enzyme secreted from cells may partially degrade the 
polymeric networks, thereby influence the microwell stability. These results 
imply that the size of MeHA microwell and the microwell stability cannot be 
controlled over time, which may minimize the possibility of long-term study 
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on cell development. Furthermore, the long synthesis duration of MeHA and 
inconsistent properties of MeHA caused by variable degree of methacrylation 
are also concerns in the future study. Therefore, we chose PEGDA (MW 3500) 
as the material of the microstructures in the following chapter to study cell-cell 




Chapter 4 Tissue culture 
 
Tissues are sophisticated, 3D structures including cells and their surrounding 
ECM. Tissue engineering aims to restore the functionality of native tissues in 
engineered tissues through recapitulating the interactions that take place in 
vivo. Tissue function may only be attained by mimicking the tissue’s native 
cellular interactions and architecture. In Chapter 2 and Chapter 3, a 3D 
microstructure was established and the polymeric scaffold can serve as the 
substitute of cellular microenvironments to support cell compartmentalization 
in hair follicle. From the results of Chapter 2 and Chapter 3, PEGDA 
hydrogels were deemed more advantageous in terms of stability, thus PEGDA 
was chosen as the material of the microstructures in the following studies. 
Furthermore, since hair follicle development is regulated by extensive 
interactions between mesenchymal and epithelial cells, in this Chapter, HDF 
and HaCaT cells are cultivated within the same microstructure to stimulate 
cellular communications. Cell distribution, cell proliferation and 
differentiation and gene expression within co-culture system were investigated. 
3D co-culture is widely used in tissue engineering and it is advantageous in 
mimicking the architecture of native tissues rather than 2D culture. Hence, 
compared to 2D co-culture, 3D co-culture can better recapitulate the 




4.1. Materials and Methods 
 
4.1.1. HDF-HaCaT co-culture 
 
HDF cells (2 million cells/mL) were suspended in PEGDA prepolymer 
solution and subjected to UV crosslinking for the preparation of cell-laden 
hydrogels. Post-polymerization, HaCaT cells (12 million cells/mL) were 
seeded in the microwells by wiping. Microwells with these two types of cells 
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were cultured in DMEM medium containing 10% FBS and 1% 10,000 U/mL 
penicillin and 10 mg/mL streptomycin for 21 days and cell growth was 
recorded on day 0, day 3, day 7, day 14 and day 21. Cell viability was assessed 
by Live/Dead assay on day 21.  
 
4.1.2. Cell monitoring in 3D microenvironment 
 
Lentiviral supernatants are gifts from Institute of Medical Biology, A*STAR, 
Singapore. Lentiviral supernatant is produced by co-transfecting 293T cells 
with pLenti-green fluorescence protein (GFP) [or pLenti-red fluorescence 
protein (RFP)] and ViraPower™ Lentiviral Expression System (Invitrogen, 
Singapore) according to the manufacturer's instructions. HDF and HaCaT cells 
were seeded at 60,000 cells/well in a 35mm culture dish, respectively. Cells 
were cultivated in 37 ºC, 5% CO2 humidified incubator overnight. HDF cells 
were infected with GFP lentivirus for 72 hrs. HaCaT cells were infected with 
RFP lentivirus for 72 hrs. 
 
GFP-tagged HDF cells (2 million cells/mL) were suspended in PEGDA 
prepolymer solution and subjected to UV crosslinking for the preparation of 
cell-laden hydrogels. Post-polymerization, RFP-tagged HaCaT cells (12 
million cells/mL) were seeded in the microwells by wiping. Microwells with 
these two types of cells were monitored on Day 1, Day 3, Day 7 and Day 14 




Repeating experimental procedures of cell-cell co-culture, HDF and HaCaT 
cells were immobilized in the different compartments of microwells, followed 
by cultivating in culture medium for 14 days. Then, instructions of 
immunostaining from manufactures were followed. Microwell samples were 
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fixed in 10% formalin solution (Sigma-Aldrich, Singapore) for 20 min and 
permeabilized by incubation in Triton X-100 (0.25% v/v in PBS) for 10 min. 
Samples were incubated in 3% BSA (w/v in PBS) for 1 h prior to incubation 
with primary antibody for 2 h (Ki-67) or 12 h (AE-13). The following primary 
antibodies were used at the indicated dilutions: rabbit anti-Ki-67 monoclonal 
(Abcam, 1:50); mouse anti-hair cortex keratin monoclonal (AE-13, Abcam, 
1:200). Subsequently, samples were incubated with fluorescein isothiocyanate 
(FITC)-conjugated monoclonal secondary antibodies (Abcam, 1:50) for 1 h at 
25 ºC in dark. Microwell samples for AE-13 immunostaining were also 
counterstained with blue-fluorescent 4',6-diamidino-2-phenylindole (DAPI) 
nucleic acid dye (Invitrogen, USA). All samples were observed under 
fluorescent microscope (Nikon Ti, Japan, ex: 545-565 nm). 
 
4.1.4. Histology study  
 
For histology study, two sectioning methods were tried to section hydrogel 
samples. The first one is cryosection. HDF and HaCaT cells were co-cultured 
in microwells on a TMS-PMA coated glass slide and supplied with DMEM 
culture medium for 48 hours followed by submerging in the formaldehyde 
fixative solution overnight. A blade was used to remove the hydrogel from 
glass slide and detached hydrogel was transferred to cryomolds. Each 
cryomold was then filled with OCT solution and frozen by floating in liquid 
nitrogen. After solidification, cryomolds were kept in dry ice until 
cryosectioning. A cryostat (Sakura Finetek, USA) was used to cut the frozen 
blocks into 10-20 μm thick sections and then the sections were stained with 
hematoxylin, followed by a series of dehydration steps (70%, 80%, 90%, 
100%, 100%, 100% ethanol, Xylene, Xylene and Xylene). Each step took 3 
min.  
 
Another method is embedding tissues in paraffin blocks for sectioning. HDF 
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and HaCaT cells were co-cultured in microwells on a TMS-PMA coated 
coverslip (#1.0 thickness) and supplied with fresh culture medium for 48 hours 
followed by submerging in the formaldehyde fixative solution overnight. The 
hydrogel with the coverslip was placed in a labeled cassette and the entire 
cassette was processed to a series of dehydration steps (70%, 80%, 90%, 
100%, 100%, 100% ethanol, Xylene, Xylene and Xylene). Each step took 30 
min. Then, the entire cassette was taken out from the clearing agent (Xylene) 
and placed in paraffin wax at 60 ºC. The cassette was transferred into fresh 
wax every 30 min for 2 times. Then, the hydrogel was taken out from the 
cassette. It was found that the hydrogel curled and shrank into a much small 
piece. The hydrogel cannot be processed in embedding step and no 
histologic specimen was obtained. Thus, the paraffin-embedding technique 
may be not suitable for the analysis of highly hydrated PEGDA hydrogels. 
 
4.1.5. Real-time polymerase chain reaction (PCR) 
 
cDNA was generated from RNA samples (day 1, day 3, day 7 and day 14 from 
co-culturing HDF and HaCaT cells by 2D culture and by microwell system) 
by reverse transcription reactions and using avian myeloblastosis virus (AMV) 
reverse transcriptase (Promega, USA) with a mixture of random hexamers 
primers (Promega, USA). Quantitative real-time PCR was performed using 
Quantifast SYBR Green PCR Kit (Qiagen, Germany) on a Rotor-Gene 
Q Real-Time PCR System. Primers for beta-actin were used in each reaction 
as a baseline control. Primers for 5 genes of interest were chosen (Wnt10a, 
Wnt10b, Shh, KGF and BDNF) (Table 1). Fold changes were calculated using 
the delta-delta CT algorithm, relative to beta-actin. Samples to which 
comparisons were made were set as a baseline value of 1. Biological replicates 
were performed for each gene of interest. Error bars were calculated based on 








Data were compared by one-way ANOVA followed by Bonferroni’s post-hoc 




4.2.1. HDF-HaCaT co-culture 
 
To fabricate complex tissues, co-culture of different cell types in 
physiologically relevant geometrical patterns is required. After 
biocompatibility test, it has been demonstrated that HDF and HaCaT cells 
were “safe” in the different compartments of microstructure. Hence, HDF cells 
were encapsulated inside the microstructures followed by seeding epithelial 
cells on the top of cell-laden microwells, aiming to mimic the cell distributions 
in vivo. Cell-cell co-culture within microwell arrays took 3 weeks. Control 
groups in which HDF and HaCaT cells were mixed and cultured in the culture 
dishes were prepared. Besides, the morphology of HaCaT and HDF cells in 
normal 2D culture was separately shown in Fig. 27A for reference. HDF and 
HaCaT cells in the control group were randomly dispersed in the culture 
dishes on the day 0 as shown in Fig. 27B. Then, two types of cells adhered to 
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the dish surfaces and were easily distinguished from one another by their 
characteristic shapes (day 3 and day 7). HaCaT cells have round shapes and 
HDF are typically polygonal. Over time, HDF and HaCaT cells proliferated 
and occupied all space of culture dishes (day 14 and day 21). On the contrary, 
it was observed that upon cell seeding (day 0), individual HaCaT cells were 
uniformly dispersed in the microwells (Fig. 27B). To understand cell 
development within the microstructure, we monitored cellular behavior at the 
same locations. After 3 days, individual cells grew into cell aggregates. These 
cell aggregates became bigger and started to cover centre inlets on the day 7 
and day 14. Until day 21, all centre inlets of microwells were covered by cell 
aggregates. All these observations proved that unlike the control group, 
microstructures are able to control cell distributions at design locations which 
may be beneficial to the cell-cell interactions. In addition, cell viability was 
analyzed at day 21 by live and dead assay and the result showed that cell 
aggregates and most of HDF cells were alive in the microstructure (green) and 







Figure 27. A: Morphology of HaCaT and HDF cells in 2D culture, 
respectively, as reference. B: Co-culturing HDF and HaCaT cells in the 
microwells and 2D culture dishes over time, respectively. On the day 0, 
individual HaCaT cells were uniformly dispersed in the microwells. Cell 
aggregates formed on day 3 and became bigger on the day 7 and day 14. On 
the day 21, all centre inlets of microwells were covered by cell aggregates. 
Live and dead assay on the day 21 showed that cell aggregates and most of 
HDF cells were stained in green (live) and only a few of cells in red (dead). 
For the control group, HDF and HaCaT cells were dispersed in the culture 
dishes on the day 0. Two types of cells attached and spread on the day 3 and 
day 7. On the day 14 and 21, the number of cells increased rapidly and it is 
difficult to separate HDF or HaCaT cells from each other. All scale bars 
represent 100 μm. 
 
However, cell viability within microwell arrays was negatively influenced by 
the thickness of hydrogel. To incorporate more HDF cells in the hydrogel 
during cell-cell co-culture, we tried to increase the thickness of hydrogels from 
200 μm to 400 μm. Upon polymerization, HaCaT cells with the same density 
(12 million cells per mL) were seeded on the top of microwells by wiping and 
then the same microwells were monitored for cell behavior over 14 days (Fig. 
28). Likewise, HaCaT cells in the microwells formed cell aggregates after 24 
hours. However, the size of these aggregates changed little in the following 
days. Till day 14, only a small number of cells remained viable (green cells) 







Figure 28. Co-culturing HDF and HaCaT cells for 14 days. HDF cells were 
encapsulated in the thick hydrogel and HaCaT cells seeded on the top. 
Live/Dead assay was applied on the cell-incorporated hydrogel on day 14. All 
scale bars represent 100 μm. 
 
4.2.2. Cell distributions in the microstructures 
 
More information about cell distributions in the microstructures was 
discovered from 3D images using confocal laser scanning microscopy 
(CLSM). GFP-tagged HDF cells were encapsulated in the microstructured 
hydrogels and RFP-tagged HaCaT cells were seeded in the microwells. The 
growth of cells was monitored on day 1, day 3, day 7 and day 14 (Fig. 29). 
From the fluorescent images, it was seen that GFP-tagged HDF cells were 
evenly distributed in the gels over time. On the other hand, RFP-tagged 
HaCaT cells relatively scattered in the microwells on day 1, while they 
condensed, shrank to small sized aggregates and enclosed GFP-tagged HDF 
cells in the center islets on day 3 and day 7. Till day 14, RFP-tagged HaCaT 






Figure 29. Confocal images of cell distribution and cell development in the 
microstructural hydrogels on day 1, day 3, day 7 and day 14. 
 
CLSM is a technique for obtaining high-resolution optical images with defined 
depth and it provides the capacity for serial optical sectioning of thick 
biological specimens, like cell-incorporated hydrogels. When taking pictures, 
the bottom (0 μm) and the top (45 μm) of the specimen should be preset before 
running CLSM. 3D pictures of the microstructures were generated by 
assembling a stack of 2D images from successive focal planes at different 
depth (Fig. 30). From these 2D images, it was illustrated that 1) HDF and 
HaCaT cells within the microstructures were distributed in multiple layers 
since different cell patterns were observed from different 2D images; 2) some 
HDF cells were encapsulated in the center islets; 3) HaCaT cells formed a 
toroid-shaped aggregate on day 7 and further grew into a cap-shaped cell mass 






Figure 30. 3D confocal images on day 7 and day 14 and the corresponding 
disassembled 2D images of representative cell-incorporated microstructures. 
All scale bars represent 100 μm. 
 
4.2.3. Cell proliferation and differentiation in the microenvironment 
 
HDF and HaCaT cells were immobilized in the different compartments of 
microwells, followed by cultivating in culture medium for 14 days. Cell 
proliferative activity within microstructure was measured over time. HDF and 
HaCaT cells were cultured in normal culture dishes as positive controls. Also, 
another control group in which HDF and HaCaT cells were immobilized in 
non-pattern hydrogels was prepared. The proliferative activity of cells was 
evaluated by immunofluorescence staining using a monoclonal 
anti-proliferating cell protein Ki-67 antibody. Ki-67 is expressed in nuclei of 
dividing cells. The results showed that most of HDF and HaCaT cells in and 
on the microwells were stained in green upon applying FITC conjugated 
secondary antibody on microwell arrays which indicates the HDF and HaCaT 
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cells cultured in microwells did not appear to be clearly different from those 
grown in culture dishes, though no quantification was performed to measure 
any differences (Fig. 31A, C). For the non-pattern hydrogels, HaCaT cells 
seeded on top formed cell aggregates on day 3 due to the hydrophilic surface 
of PEGDA polymeric hydrogel. Over time, the HaCaT cells behaved like 
those in the normal 2D culture dish and they adhered, spread and grew into a 
large number of cells (Fig. 31B). It may be because some proteins secreted 
from HaCaT cells modified the hydrogel surface and in turn cells could 
proliferate like in 2D culture. Unlike cell distribution in 3D microstructure, 
HaCaT and HDF cells were located at different heights of non-pattern 
hydrogels. Therefore, fluorescent HaCaT and HDF cells were not able to be 
detected simultaneously. 
 
The differentiation of keratinocytes was estimated by analyzing the expression 
of hair cortex keratins in the 2D culture, non-patterned hydrogels and 3D 
microstructures. The hair cortex keratin-specific antibody, AE-13, is expressed 
in green color and cell nuclei stain in blue. Hence, AE-13 positive cells are 
observed in green or cyan. From Fig. 32, it was shown that AE-13 was 
negatively expressed in the 2D cultured cell mixture on day 3 and day 7 while 
positively expressed at the cell clump on day 14. Conversely, positive 
expression of AE-13 was observed at the HaCaT cell aggregates on the surface 
of non-patterned hydrogels when day 3 and day 7 while AE-13 was not 
detected on day 14. On the other hand, the antibody AE-13 consistently gave 
signals within microstructures on day 3, day 7 and day 14 as well. Signal for 
AE-13 is the strongest at the HaCaT cell aggregates in the microwells on day 7, 










Figure 31. Cell proliferation in A: 2D culture, B: non-patterned hydrogels and 
C: 3D microstructures on day 3, day 7 and day 14. Similar to positive controls 
(2D culture), most of HDF and HaCaT cells in and on the microwells were 
positive in Ki-67 stain. For the non-pattern hydrogels, HaCaT cells seeded on 
top formed cell aggregates on day 3. Over time, HaCaT cells behaved like in 
the culture dish and they adhered, spread and grew into a large number of cells. 








Figure 32. Hair cortex keratin-specific AE-13 immunostaining in the 2D 
culture, non-patterned hydrogels and 3D microstructures on day 3, day 7 and 
day 14. AE-13 was expressed in fluorescent green color and cell nuclei were 
counterstained with DAPI. Cell clumps formed at day 14 in 2D culture and at 
day3, day 7 on the non-pattern hydrogels were positively expressed AE-13 
(indicated by arrows). HaCaT cells in the microwells were positive in AE-13 
staining. Views with higher magnification are also shown for day 3, day 7, and 
day 14 3D culture, showing the signals from representative microwells. All 
scale bars represent 100 μm. 
 
4.2.4. Multiple hair follicle specific genes expressing in microwell system 
 
It has been widely accepted that human hair follicle development is controlled 
by a series of reciprocal epithelial-mesenchymal interactions (EMIs). It is also 
known that key molecular signals are functionally required for driving these 
EMIs, including members of the Wnt, Shh and KGF gene families. In our 
study, several gene factors identified to induce hair follicle morphogenesis or 
regulate anagen phase of human hair follicle, including Wnt10a, Wnt10b, Shh, 
KGF and BDNF were investigated. Quantitative real-time PCR experiments 
were carried out using specific primers for all selected genes and RNA isolated 
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from cell mixtures extracted from microwell arrays at co-culturing day 1, day 
3, day 7 and day 14. In addition, control experiments in which HDF and 
HaCaT were cultured in the normal culture dishes without microstructures 
were performed for each primer pair and RNA preparation at the same time 
intervals.  
 
Fig. 33 shows the results of real-time PCR. Expression of Wnt10a, Wnt10b, 
Shh, KGF and BDNF were detected in both control groups and microwell 
system, but the relative concentrations varied a lot. Real-time PCR revealed 
that cell mixtures within microstructures contained transcripts of Wnt10a gene 
and the gene concentration increased over time. Besides, the concentration of 
gene Wnt10a from microwell system was significantly higher than that of 
control groups at day 3 and day 7. Besides, the concentration of gene Wnt10b 
from microwell system at day 7 and day 14 was also significantly higher than 
that of control groups. Furthermore, the highest expression of gene BDNF and 
KGF occurred at day 1 in the microwell system and then the concentration of 
gene BNDF and KGF reduced in the later time intervals. Nevertheless, in 
general, the expression of these two genes from microwell system was higher 
than that of control groups. For gene Shh, there was no significant difference 
between control groups and microwell system. Thus, the microstructure with 
HDF and HaCaT cells exhibited higher gene expression (except Shh), 






Figure 33. Quantitative real-time PCR results showing differences of gene 
expression (Wnt10a, Wnt10b, Shh, KGF and BDNF) between 2D culture and 
3D microwell system. *, ** and *** indicate p < 0.05, p < 0.01 and p < 0.001 
as compared to mRNA concentration of corresponding control group (n=3). 
 
The effect of calcium concentration on gene expression in the microwell 
system was also investigated (Fig. 34). After increasing level of Ca
2+
, it was 
found that gene Shh from the microwell system was up-regulated dramatically, 
comparing with Shh gene expression in normal culture medium. Additionally, 
expression of gene Wnt10a and Wnt10b in the microwell system was 
significantly higher than that of control groups from day 3 onwards. Compared 
with low Ca
2+
 culture medium, the differences between microwell system and 
control group were more distinct in the relative concentration of Wnt10a and 
Wnt10b transcripts. For gene KGF and BDNF, there were also some 
differences in the changes between low and high Ca
2+
 culture conditions. 
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Nevertheless, the gene expression in microwell system was consistently higher 




Figure 34. Real-time PCR results showing Wnt10a, Wnt10b, Shh, KGF and 
BDNF gene expression in 2D culture and 3D microwell system supplied with 
high Ca
2+ 
DMEM culture medium. *, ** and *** indicate p < 0.05, p < 0.01 











4.3. Discussion  
 
4.3.1. HDF-HaCaT co-culture 
 
In the Fig. 27, the difference of cellular behavior in co-culturing systems 
demonstrates that the 3D arrangement is distinct from co-culturing monolayers 
of epidermal and dermal cells because it more closely mimics the 
physiological architecture of the hair follicle. Within the hydrogel, a high 
fraction of cells remained viable after 21 days which further confirms the 
biocompatibility of the microenvironment. However, when the thickness of the 
hydrogel was doubled to 400 μm, cell viability was greatly decreased for both 
HDF and HaCaT cells. The diffusion limitation may be the main reason of 
decreased viability for HDF cells which were encapsulated in the hydrogel. 
Insufficient nutrient transport and waste product removal induces the death of 
cells 
99
. Moreover, the presence of dead HDF cells could negatively influence 
other viable HDF and HaCaT cells, which in turn leading to very few cells 
alive at day 14 
162
. Cell death may occur through 2 mechanisms: apoptosis and 
necrosis 
163
. Necrosis is caused by external factors, such as infection, toxins, or 
trauma that result in the unregulated digestion of cell components. In 
contrast, apoptosis is a naturally occurring programmed cell death and 
apoptotic cells are removed by phagocytic cells in vivo 
164
. Cells within 
hydrogels lack the capacity for removal of apoptotic cells because of the 
absence of phagocytes 
162
. In the absence of phagocytosis, apoptotic cells may 
proceed to lysis and apoptotic necrosis 
164
. Then, necrotic cells in vivo may 
release molecules which can trigger inflammation 
164,165
. It has been also 
demonstrated that the accumulation of apoptotic cells in vitro may exert 
inhibitory effects on their viable neighboring cells, i.e. antibody-producing 






On the other hand, confocal images (Fig. 29) illuminate cell distribution in the 
gels that GFP-tagged HDF cells were evenly distributed in the gels while 
RFP-tagged HaCaT cells stayed and grew in the microwells. Thus, it proves 
that the fabrication process does not cause cell precipitation and non-uniform 
cell distribution. However, cell aggregates were not observed in hydrogels, 
which may be a limitation for hair induction in the future. Aggregation of 
dermal papilla cells can increase the expression of extracellular matrix 
proteins which enables communication and interaction between cells, thereby 
maintaining hair inductivity of dermal papilla cells 
31
. In our study, HDF cells 
in centre islets have a close contact in physical space with each other. 
Increasing cell-packing density may enhance cell-cell contact, shorten 
diffusion distance for paracrine signaling between cells and improved the 
survival of encapsulated cells as well 
166
. Moreover, nondegradable nature of 
PEGDA hydrogel also hinders the formation of cell aggregates. It has been 
demonstrated that PEGDA hydrogels can also be rendered degradable, which 
can be accomplished by the addition of crosslinked proteolytically degradable 
matrix metalloproteinase (MMP)-sensitive domains and the conjugation of 




Furthermore, in the subsequent study of cell proliferation, Ki-67 protein is a 
cellular marker for determining cell proliferation 
169
. Positive expression of 
Ki-67 protein in cells within microstructures demonstrates that the microwell 
system supports cell growth and proliferation. In normal human hair follicles, 
hair keratin-specific AE-13 is expressed at the medulla-cortex 
170,171
. In our 3D 
microwell system, AE-13 expression was observed at the HaCaT cell 
aggregates at different time intervals. Immunostaining of AE-13 in the 2D 
culture and non-patterned hydrogels seems AE-13 expression was only 
positive when cells in self-aggregation. These results imply that 3D culture 




4.3.2. Histology study 
 
Although cell-incorporated hydrogels were prepared for histology study to 
visualize cell development inside the microstructures, there are some problems 
occurred while processing specimen. When cryosectioning, it was found that 
the frozen gel was difficult to cut with embedding material and sections tore. 
The hydrogel was consisted of 90% water, thus it was too soft and differences 
in apparent stiffness between hydrogel and the surrounding OCT block 
resulted in separation of the hydrogel from the rest of the block during 
sectioning. After hematoxylin stain and dehydration, few gel fragments were 
observed under optical microscope (images were not shown) and no 
“microwell” shape was maintained. Only several purple colored cells were 
scattered on the glass slide.  
 
4.3.3. Gene expression 
 
Many molecules are involved in the signaling exchanges during the 
epithelial-mesenchymal interactions. Wnt10a and 10b are localized to hair 
follicle placodes and may comprise part of the ‘first epithelial signal’ 
operating in hair follicle morphogenesis
15
. In addition, Wnt10a and 10b are 
expressed in follicles at anagen onset, but not the catagen stage, with 
expression of Wnt10b in epithelial cells and expression of Wnt10a appearing 
at the dermal papilla 
15
. Shh is expressed in the developed placode, regulating 
proliferation and further downgrowth of the follicular epithelium and 
development of the dermal papilla 
172
. DP-derived FGF7 (KGF) is important 
in organizing hair follicle growth during morphogenesis and is also involved 
in promoting hair follicle regeneration during the anagen to telogen transition 
172,173
. BDNF is detected in anagen phase and it plays a role in stimulating the 
transition between anagen and catagen 
172
. From the gene expression study, it 
was found that expressions of these genes were higher in microwell system as 
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compared to HDF and HaCaT cells in 2D culture (Fig. 33). It is due to the fact 
that microwell system is able to localize the cell distributions. Unlike 
randomly dispersed cells in the control group, microstructures allow two types 
of cells to have a close contact in physical space, which may likely promote 
cell interactions.  
 
Keratinocyte differentiation throughout the epidermis is regulated by a 
calcium gradient, increasing from the stratum basale until the outer stratum 
granulosum 
174
. Specifically, calcium enables the formation of desmosomes, 
adherens junctions and tight junctions that bind cells together, and it stimulates 
the calcium receptor to initiate intracellular mechanisms required for 
differentiation 
175
. The hair follicle is an epidermal appendage of the skin and 
hair shaft is differentiated from epithelial keratinocytes 
1
. However, very few 
studies are available on the role of calcium in hair follicle development and 
cycling. In this study, the effect of calcium concentration on the expressions of 
targeting genes in the microwell system was examined 
107
. After we increased 
the concentration of calcium chloride to 2.8 mM in the culture medium, 
quantitative real-time PCR results showed more differences between 2D 
culture and 3D microwell system, especially for gene Wnt10a, Wnt10b and 
Shh, compared to microwell system culturing in normal DMEM culture 
medium. As we discussed above, Wnt10b is initially expressed uniformly in 
the epidermis and is markedly up-regulated in placodes at the earliest stage of 
hair follicle morphogenesis 
9
. From the results, the mRNA expression of 
Wnt10b in the normal DMEM culture medium increased by approximately 
3-fold over 14 days while the expression of Wnt10b increased by 22.7-fold in 
the culture medium with higher Ca
2+
. Microstructures with cells in higher Ca
2+
 
culture medium showed higher expression of gene Wnt10b, indicating a model 
closer to that of the native hair follicles. In addition, Wnt10a is slightly 
up-regulated in the placode during hair follicle development 
15
. In the 





and 5.3-fold in high Ca
2+ 
culture medium over 14 days which is in accordance 
with the increasing trend of Wnt10a expression in vivo. Thus, the increase in 
calcium concentration induced the up-regulations of genes Wnt10a and 10b 
which specifically localize to hair follicle placodes, indicating that HaCaT cell 
aggregates formed in microwells may possess the native characteristics of hair 
placodes.  
 
The mRNA expression of Shh in the normal DMEM culture medium 
fluctuated little over 14 days while Shh expression increased by 11-fold over 7 
days and 5-fold over 14 days. The increase in the concentration of Shh 
transcripts may be attributed to higher expression of Wnt10a and Wnt10b in 
higher Ca
2+ 
culture medium, because it has been reported that gene Shh lies 
downstream of WNT signaling in hair follicle development and Wnt10a and 
10b are considered as candidate regulators of Shh expression 
9
. Moreover, the 
activation of Shh is a crucial hair follicle inductive signal generated in the hair 
placode. Hence, the up-regulation of gene Shh also shows that HaCaT cell 
aggregates cultured in the high Ca
2+
 system may possess the native 
characteristics of hair placodes. The expression of genes KGF and BDNF 
showing a decreasing trend in low Ca
2+ 
culture medium exhibited a stable or 
ascending trend in higher Ca
2+ 
culture medium. Therefore, microstructures 
with HDF and HaCaT cells in higher Ca
2+ 
culture medium showed higher 
expression of genes investigated, which are molecules involved in 
epithelial-mesenchymal interactions of the hair follicle morphogenesis and the 
hair follicle cycle. However, since the gene expression profiles are derived 
from mixtures containing epithelial HaCaT and mesenchymal HDF cells, 
changes in gene expression may or may not occur as a result of cell-cell 
interaction. The enhancement of cell-cell interactions may be further tested by 
profiling the compartments separately and comparing gene expression of 
microstructures containing HDF and HaCaT cells with that of microstructures 
containing HDF cells only 
37
. In addition, gene knockdown studies should be 
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performed in the future to test the function of the genes in the 
microwell-cultured cells. For example, it has been demonstrated that sonic 
hedgehog (Shh) is one of hair follicle inductive signals generated in the hair 
follicle placode and it is required for regulating epithelial proliferation during 
hair follicle development 
9
. In Shh-null hair follicles, epithelial proliferation is 
decreased 
176
. Thus, we can transfect HaCaT cells with Shh-siRNA to 





HDF and HaCaT cells were co-cultured within microstructures upon 21 days. 
Most of cells remained viable at day 21. However, increasing hydrogel 
thickness resulted in a dramatic decrease in cell viability and very few cells 
were alive at day 14. From the confocal images, we have demonstrated that 
HDF cell distribution was relatively uniform in the 3D microstructures 
meanwhile HaCaT cells grew into a multi-layered cap-shaped cell aggregates. 
The results from immunostaining assays have shown that the microstructures 
sustained the cell proliferation and cell differentiation. In addition, cell 
aggregates on non-patterned hydrogels and 3D microstructures is AE-13 
positive, indicating self-aggregation may be important for the differentiation 
of HaCaT cells into cortical keratinocytes. Furthermore, compared to 2D 
cultured cell mixture, the expression of gene Wnt10a, Wnt10b, Shh, KGF and 
BNDF was higher in 3D cultured cells, exhibiting the potential of 3D 




Chapter 5 Conclusion 
 
This thesis presents a novel system for hair follicle engineering in vitro by 
combining microtechnologies and tissue engineering. A 3D microstructure, 
containing a microwell and a center islet, was fabricated to mimic the 
architecture of the human hair bulb. In Chapter 2, the synthetic polymer, 
PEGDA, was employed as the base material of the microstructure. 10% and 20% 
(w/w) PEGDA microwells proved to be the most stable after 10-day 
incubation. Cytotoxicity of variable factors involved in polymerization process 
was evaluated. After microstructure fabrication, HaCaT cells were seeded in 
the microwells and the number of HaCaT cells in the microwell increased with 
cell seeding density. It was demonstrated that HaCaT cells grew into cell 
aggregates and remained viable over 8 days. From the results of HDF cell 
encapsulation study, PEGDA MW 3500 showed the least cytotoxicity 
compared to PEGDA MW 575 and PEGDA MW 700. HDF cells remained 
alive and cell spreading was observed in the PEGDA (MW 3500) hydrogels. 
 
In Chapter 3, MeHA was used as an alternative material of the microstructural 
hydrogel. The hydrophilicity and stiffness of MeHA hydrogels were tested. 
HaCaT and HDF cells were also incorporated into MeHA hydrogels, 
separately to investigate cell compatibility. Cell viability on or in the MeHA 
hydrogels was comparable to that within PEGDA hydrogels. Similarly, HaCaT 
cells aggregates formed and grew in the MeHA microwells. Nonetheless, gel 
swelling and weak stability of MeHA hydrogels may restrain themselves in the 
long term development. Hence, PEGDA was considered to be more suitable 
for following studies. 
 
In Chapter 4, epithelial and mesenchymal cells were compartmentalized 
within microstructures in a similar way as in vivo and co-cultured over 21 days. 
Based on the results, it appears that the methods of cell-encapsulation and 
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cell-seeding are able to place different types of cells at designed locations and 
in turn to facilitate cell-cell communication. Cell proliferation and 
differentiation were evaluated by immunofluorescence staining. The results 
implied that cell proliferation was maintained within microstructures and the 
microstructure may help to guide the differentiation of HaCaT cells to cortical 
keratinocytes. On the other hand, gene expression within microstructures was 
examined using real-time PCR. Gene Wnt10a, Wnt10b, Shh, KGF and BDNF 
were all positively expressed in the mRNA isolated from cell mixtures 
extracted from microwell arrays. In conclusion, this microstructure provided a 
3D microenvironment for co-culturing epithelial and mesenchymal cells in 
vitro and optimized cell compartmentalization according to their anatomical 
relationship in vivo. Multiple genes associated with hair follicle development 
were positively expressed in the microwell-cultured cells. Nevertheless, the 
potential of this microwell system in the application of hair follicle 






Chapter 6 Future study 
 
One limitation of this study was that no histology result was provided for 
exploring the internal structures of cell mixtures within microwells. The main 
challenge is to section the microstructural hydrogel because the hydrogel 
contained 90% water and it may be too soft to cut or it may melt fast due to 
the generated heat during cutting. It would be interesting to develop other 
methods for discovering the internal structures of cell-laden microwells, i.e., 
cutting the hydrogel in the middle and observing lateral face of 
microstructures using confocal laser scanning microscopy. Another 
disadvantage of this study was that the viability of HDF cells in the 
microstructures was only above 50% and the number of cell spreading was 
limited until day 14. It may be due to the residual free radicals remaining in 
the microstructure after polymerization. To address this problem, biomolecules 
(i.e., Arg-Gly-Asp-Ser (RGDS) peptide and fibrinogen) should be used in 
future to modify PEGDA monomers and form biosynthetic microstructural 
hydrogels for improving cell adhesion and cell proliferation 
177,178
.  Moreover, 
although 3D microstructure system exhibited some advantages over 2D 
culture in gene expression, the importance of such specific microstructure (a 
microwell with a center islet) was little verified. It would be useful to include 
another appropriate microwell control (a microwell without the center islet) 
and examine whether the up-regulation of gene expression was attributed to 
our specific 3D microstructure or the microwell control is sufficient to induce 
the gene expression changes. In addition, this study was restricted to in vitro 
work, since the focus of this thesis was to create biomimetic microstructures 
using microfabrication techniques and to facilitate cell distributions within the 
microstructures in a controlled way. However, the potential of 
cell-incorporated microstructures in hair follicle engineering should be further 
confirmed in vivo. In the future study, human dermal papilla cells will replace 
human dermal fibroblasts and primary keratinocytes will replace HaCaT cells 
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in the co-culture system. Intact dermal papillae are isolated from occipital 
scalp follicle and then papilla cells migrate out from papilla and undergo cell 
expansion in 2D culture. After that, human dermal papilla cells and primary 
keratinocytes are co-cultured within our 3D microstructure. The cell construct 
will be implanted onto the back of severe combined immunodeficiency (SCID) 
mice to prove the ability of hair induction. Immunohistochemistry will be 
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